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THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science and
technology relating to aerospace for the following purposes:

- Exchanging of scientific and technical information;

- Continuously stimulaLig .•dvanics. in Lth auiobpacu s.4,. relevant to strengthening the common defence posture;

I- mproving the co-operation among member nations in aerospace research and development;

- Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

- Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field,

- Providing assistance to member nations for the purpose of increasing their scientific and technical potential,;

- Recommending effective ways for the member natioas to use their research and development cap-abliktis for the
common benefit of the NAT'O community.

The highest authority within AGARD is the National Delegatts Roard consisting of officially appointed senior
representatives from each mnember nation. The mission of A0AR.D is carried out through the Panel% which Are comnposed t4
experts appointed by the National Dclegatc. the Consulthmt and Exchange Programme nc tlthe Aerospace Applicatioms
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THEME

The increase of speed is a promising possibility for improving the performance of gas turbine engines. In order to
maintain high efficiency and reliability of advanced engines, containing large portions of supersonic flow, a deep
understanding of the influence of supersonic and transonic phenomena is essential. The present Specialists' Meeting aimed at
providing a contribution to this goal.

The scope included: experimental data on shock structures, shock induced losses including shock boundary layer
"interactions, computational results, and blade design methods. The meeting offered a fn•run for highly qualified specialists to
discuss their views and the Wniest results of their investigations, and for development engine to be informed on the s•tae-
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3 - DESCRIPTION~ DE L-ECOULEIEEN PANS LE CANAL

3.1 - RUportition de pression I is paroi-

Dans ce qui vas uivre, uous dhsignerons par A Is parol lat~ral du canal ifitu~e 41 gauche pour on
observateur plaCA face su vent. Cit~e face, comms le montre is Ligure 2, contient its omeat le plus en
aval do is boose. L'autro paroi lat~ral* sora appelfe B.

Considfirone, en premier lieu, let r~partitions de pression relevdes our l~e parois haute et bvs~ee
do Is veins. Af in d'Otre plus parlante, lee r6oultats sent presaentee en nombre de Hach "porigtal" M

. ise diduisant du rafport 0 par Ia relation do detente isentropique (hormis lee cas :
d~colioment tras 6tandus, t~ip sy~de-ntifie pratiqusment avec In nombre de H~ach I is frontiare do In
couch. iisite).

La figure 6 prcý;ante lea r~partitions iongitudiinales lrypour 5 positions en envergure. Lo
caractire fortemont tridimansionnal de V~coulement apparait issifdiatemaut A In vue 4* ces courbes.

EXAMi.1one d'Abord lea r~partitione our i& boozeo (Fig.6a). A i'amont (I Xt - 200m, par oscaple),
I~'gragemelt dese ourbes rk.ulte direttomont do Is g6oaftrie du canal. i/ecouleffent tot Moins rapide
pras cO Is face A (quL, rajp.olons le, contiont l'origine de laie transversal Yf) qu'ii ne Ves. a
proxiwitfi de Is aoce 3, le somect 0-i is borne,2 Atant ton. efat pius recul6 en A qu'en B. Uos Rombree de
Kach los plus dlev§% aornt attoints dons ie cautre du canal otl Is maximum do tip Oat voisine do 2,1.
Latdrsnloment quond on rtcnd vers A ou B, Mp dimirt-e rapidemont, let maxims loceux, *Sttegeant entro 1,45
et 1,10. It eat A no--et qua, exceptd dent 1, diliou du canal. let recomprissiona. en aval du Mnaximum
de , no tradutsenn pee Vexistence d'un choc, sale tu contraire sout progrescivos, *volution
jassi a obgoyvfie an 6eoulemont bidimenat .itol. Do tolleo, tondancos traduisen~t Vo*xierence dos
.U~cuiiosetat tridiunme~tioainals marques par un Gtalooent des compresaion*. Plus en oval, ie nowbre do
M~ach continue a d~crottre Itinteatont jusquia des velour prochee do 1/unitd.

Sur .parol oupArioure (voir Flý.ob), oq observe des ph~nom~nas analogues. Lo noobro do Mach
aax-iat 14- 1,92) oat observe danks 1. tr.'nche Y - 45mn. Toutofois, contrair-amont A ". qui as psene
our Is at, ocisteuCe d'une ondo ýA choc, occupant Is plus grands partit do 1'onvergure do canal.
opt ici cla.:ement ddcelatbie, $eult to xlpartttion A Y - 15mm a une allure nettement diff6rente.
cortainemeut en raiaon ds is pr~sence, du gros d~collemerit qut so formasoa raccord ontre, Is face A, at
Is pAcst sup~riours, comew to mattent en 6vidsnce lea visuaiisAtions pariftalas onalysios1 Plus be.l
(%*ifn 61.2). tee fIgures 7A ot 7b donnent dee Topr4eSntotIontS GA. perspective qui pormottexic do ulsuit
vt*UMi8*ior Its ripartitiVons do Kt our lee parole Inf~rioures it supriruros. On observe titan, pour
lee daus parole. I& survitosee av volotnoge do Yt - 45w qui subsist* d'aillsure enk aal dv choe oa
*Ile set vraiseoblablowot duo A Is formation d'un tourbtllon vigoureux (vair 13.3). EgeloMet. Is
corsoctire quest biotwavtionail 4o 14 distribution do proosion pri~talo #our oune bonn partio do Is
p5*04 euprizuro apporalt latteosot.

Lie ripart-Iteion do presoton ron~iuegnot asses peu our Is structure do V64oulement. Rural* 4*e
situations (11egrantos. e;% trittd~ssoeolwl, 11 sot protiqugoeat Impossible do conclurs, A psrtir 0.
lour soul tsax"", ant Voxtatoco ou no# do 4400llosawfts. Nut cats. 11 !out fairw appol a U40 6tude
do Is structure do 1* cout-aoet parisuel.

3.2 - Propelitos do I'Acoulesowo varittal-

Leo spectre, p~rotrl~toc pbisnw pat *04lvit viejuevx cntettuopt ww 114e prelclouse at
quao~.tdisoeebt*A to cooptlhooeloa Physique des 6caulaietnto trlalaonslenswle, eercout loesquo dea

cklowtsent lie fprsiuissu. Wo tracos d'Oddult obsorvios r~udonit art Welt tire os01*1140s, sVot on
bOO dvgeE do CO"11onct. s0a 11#00 do cuaipr sl*do VkO1410041se rtel. Os t*1los 11SgaMO loot
4404fise, coma* 1s limit*. qoend to distance &l-a perot coedvote xts 404.do li#"ca do toorent at #Ile*
a*14entIllook avec too 111ts. d. frottseont qua @Lwt lea litgWa de fortea do cheav do V4ettourO

cotetitu ~ ~ ~ 'Q -e 3*toc4n ahra.Cit kess ttgentif do 1s topo0Itoi dva 1111tes as
frotto"eM, at Plut o4;#OtlsAeOt( I*Observestiof des poiots stingullora £toyotej nosuas, Colo) rV60140
pay 18.4f s~oan. qui p00.40 I* pit" slrosout do Aifinik Is coaept do d~cotlowtt -00 *0loe aft
Ovarationn- on, Ot~vleimot 14 i 0n 4 COotts 4*tloa ost Wse dotirfosued CU46t qu'AA

des tievaes 34 ritOwi "ur los 4,444406o srs~eo£ u t4o dlftdtwAtLIXla 1311 ol

terppuloefi Ic, qibt,,u* done 1s trlaeau des. lptaIos Wocoqrsot perisitetos a-*me sat
Wvilsco leilettoso di Pwints stsi te slE* 44 Ito, OS-vtaurtt frosoOAt st toubItlop 01s~talwosat.

114C.8i Cos pdotes, iItou oh -5oCtutme .i-4t*%au4) c

I a tc'nd (d'si. W tX;1ix-t o4 0, *"oupetvou) 0 mteso Iea 19450 As (russ ste seA, e"ot
toioeo. se aitcole. coato

Ii -is t4V- 00 It A'xo~kt4 PaeEs 40 o*."t COW""O t u.4 WAuftit 4o l14Sa do' ctoPast
a'5i"il=otk al-tout -1s ca polst I

tel pýo t tpe peasant m4Lsaset Jaux liguBs $a frottowata parilats t tout** ive &utree lI wo
a~e~vl~ot ew stoepos Cft#A issoe lawd- tiop ~I VUse.e 85 d 'o 1 W., do



wnoed foyer col

Point* singuliers d'un 6coulement paridtal

'1 0i est enusufte oaanv I int~roauire I. concept fordamontal de lime do ciparation kS) comae 6tan.
4 ~une ligne de frottement pabsant par un tol. Uoe telle ligne. qu aju or1 essential done Ia
4. ~definition du dkcollemont en 6coulemeot tridimmoaionnel, a anoff1 et Is propridt6 do a arro4 ea

paritta'02aen dtux familles de tell. fagon quo ceo lignes tendent a o'en rapprochor io~~A.o as
joamai I& traversez ai avoir de contact avec gllt (pour plus ample information, voir (30) et
(321.

Coo elements vontt noria servir AL interpreter rationnellement log viauslisationu pari~talec cur lee
quatre fae&o du canal dont I*& figures 8a A 8d sontrent doe photographies. Dana is discussion do ca
r~sultats, nous conaidlreron3 .1ge10Ia~ to lect Sac:ss d455in~a F74.9. Ile r-or~tentent certafne4 l140.0
do frottematn paridcal ainal quo lee points aingul~iera dun spectre. Il. Gnt Ate 6tabils dapres letI ~photolraphioc et ur. examen direct dts viv'saliastionsa en ours &'sssai qui irdvilc doe details ot .1w.
indications (seas do ref lux do ldecouleaent pariftAl, par examplet) rordnro aprfis Is priae, do vine. Lee-
ochieaas. bien qti'aoyut sortout veolur qualitative, reapecteoc ocnaowio *eoulbiempot I.* proportion&I do lit r~aslt.

Lexamen do I'4coulamort auz Is bWoes (voir Ftgc.8s at 9a) aontre, en prmider lieu, 1'existence
do dens foyer* F1 at F2 bien visible* done I& aoitid gauche du canal. L~a ligne do s~paratloo (61).
passant par Is col C1 at searoulant cutour do ?I at V2. conatitue une "barribro' ottuile
4ppraxisativea~at au piod do l'onde d* choc oblique qui so props&*"e dI'S hcouloenat ext~Riour (votej IA.3 plus boo).

t L16alio e as* do rottoenet, venant do Vamant at countenues doneIs 1 domais haiwt6 per la 11g'ic do
4 alpartont (3) pAsoact par It col C2, vont .o'eroulor outour. sait do ft. colt do t2. salon queolles

cGot attudv# d'un 00r ou do Veautr* do I* ligna do cdparation (SU) qui papea a !a tois par CI at
W2. use percie do coa 118rwi cobtourosiar I& borridro (SZ) so oilocurvant bruoquameat.

L# structure cotettiudo do (S1). (62) ct des deans foyers ?1 at F2 Oct clseeiquoeeot obborvto dana
lee interactions ck'ýC-Coucho lImt iiaiet Vcaaai voc eliot tridtcesaioooal 133-U.1.

Dan-= e lls situatioct. (SO) pout Otte aceondle saa AaW~uit.) A ton ddcclitoont blest
caractdifief, I'Roulaocsnt au qolsiatos Imdiar 8o (SI) "qurttaot" la petal s*lon It edt~aricaa 46crit

'iepar LOWHTILL (32). Ie toon 00c,. Is ttn do otpastiton (UI) tact, *Ile. ww lItne d'ottachaent
"nado ttoallovent- tii co #otns qu'urt peu au-doeseus do (32) Is fluide wacrieur "ploftgo* to dlrttlon

d0 o 1.pearo. MAci. C1 at C1 *oat raipcctlveowst des Cola do ddcollcoent at do0ttatheucnt. Cotta bc~v*
discnaeehia met bWen l'acocer aur lIa dirtloct*0e qu'll COOVIoul 4. talto aoRk lit%@ 4 do sper~tanto.

c'ir"ppeat d4Ac I*lC9Ualouat :otdriaur. Ulm~ 11gm d o parstiod wa. all*. Isa twot dluo* surfce. 4
Vcatora alcect disou dulisu %W~c t1sam& aut1our au. eatu*t Is stre.cture tia parl a otwbltlo

UV44satls au tapac to d~ola~~ Hqur 4aso. *a o tucr da lout gas d o I tatts tacr o n blonvsacie do
1*aoet. cc poftagot o a faftill~e.

Los i"Sa. peochaes 0. It fact 2 a'ca"oigot 4ao~Uhataact do I'oot vir owe l'a.

1*6 eqtfac. "Aalwoga do A. to 0Ipaeaht I lI~tr tout sO oi A~ie-o coac

cells# ioeprt*es ctuta (12) atko Ic &&at te vi~adcrct (SQ). cano"lsaaat can eAW-Cot 0), (toanttaus

04) .00dbci# Varge dtodlvftt #I 01US Ot Lam 1. 15Ulm (0) est isoo* dt dOalnC41 CS4
1"aIqo~t"otmn *wcc CA Ct ftkt*W evecc tat teott * al "1plt (14) so, ;*oateanlt caeote

NY49 P "oa. Uc F00 1. If~~bLa Pctal~v Wpes~f* MW M0a do a AhZtll.m tS1 iCOMc 1*8 Itt doI)g 104 'udetaktu oF frC~iur s tA ~toif frl i
"Ibew spoorw 4t 14t .I atvaif d Iss 4po46"411"-
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Tout 1Vgcoulement amoot "diaparaissatot" dens le foyer F4, le champ ekval dolt itre aliuent6 par
*uo ou pluuloure noeuds, Dans le tas pr4800t, on Oat simal en ividence le noeud N1, Itu6 ;,I, de It

parol infdrioure, et 1. desi-nooud N2 done le coin entro A et i& paroi sup~ri-lire. 11 *sdtablit alor-
a n aval do (S6) une structure extrtmenent couplexe dont ie dea4in r4sulte d'obaervations tras
attentive* et d'uoo interpr~tation se guidant sur des r4gl~s topologiques. Nous no d6crirons pas
l'Acoulemeot ropriaeut6 an ditaii, ce qui strait fastidioux. enotionnons siapleaont, on plus des
ooeuds Hi at U2 t

- let deux foyer* F5 at P6
- lea colt C7, C8 at Clo
- le demi-col C9 our it paroi Inf~rieure.

L'Acoulemeot comport. on grand nombre de lignes deodaparation (reprfienthes e to rait reof oreg our
lt dasain) quo nous no reptrerona pas aphcialemant. Distinguons quand mime lea ligoco (08) at (89)
qui ahpartnt 1Vtcoulement tiltot vero Vavtl do celui ref luant vera lIcwsnt pour "diaparaltro" dons
lea foytrs P4, F5 ot F6.

V'oxamen so poursuit par It contidfration do l'6coulomeont cur i& psroi supgrieure (voir Figs.8c
at 9c). En Atant cotte foic encore plus brvf, nous dirtinguous idi

- 3 foyers i 7. F8 ot P9
- 3 cols : Cll. C12 at C13
- 2 desi-cois : C14 t orCIS
- 2 domi-noonda : M3 - N4.

ears 4 nottr quo C15 ot NA *out & associor reapectivtnent &vat C6 at N2 pour coostituer un col
0t a. naoud couplets. La ligne do aiparation (810) passatt par C11, dont une branch@ oaenroule autour
us Y7 at Vautre autour do F8, correspond au ddcollevent ioduit par I. choc quAsi .normal quo I'on
observe, done Is witif buppiture du canal, our i. plus grand. partie do Venvargure (voir lea
r~ptrtitions do pr- sion do Is figure 7 at Its courbes iso-fAt~h do lit figure 11). LA structure
alloogie, org-nistt aolour de F9, met A Maitre on correspondents avoc le gros "tourbilioo' observi our
It ' to A, doen se parli' haute. Lo foyer P8 oct rtumontA A Is fois par des lignes do frottomont
venaut do Vaaont ot des iie"os issues du demi-noeu,. N3. D'uno waniare antiogut, F9 rogoit une partie
do son alimantation do doat-.qUd N4.

Enf A. lag figures 84 et 9-! toncront 1Vicouiooool cur Is face lattraic B. let, is structure du
sa1.ctre paridtal eat atnsibltmant plus taiple. Ott disting,,., principa-iftent, It ligne do siper tion
0812), peaseant- par Is c..l C16. qui "part Is& lignom do frottement co'nroulant autour du foyer FIG do
celsso poorouteaiu, lour chtiain vera 1'evoi. V0 cost auest alia~nt# par des lIgnes naissan't to
assi-notud NS. La lignt dej oii ratton (813) failit Isdiwarcotion ontre Is fliuds pjritaol veno do
Vaaoot @t ceWule~ ast f6S. Una des breathes di (813) so'eroulo outour do 710 en vintia toops quo ',.A
1140.e do %ipar~tioa t31l) venane do. doat-col C17.

Riuniasant lea dwai-nuo-ul aet l*s ,iooi-cols oin corcospondanco, at sochaot qulun foyeý: eat
copolotiquoelant icuvcon a oup~u Is d~nombroa.1 do tout lee points diiguliers reptaosul4a
conduitti 6 4.t relationI

qut doit itrat sat'sr1~t* par los tiagul~arW* 4orputC t our un. tells ourface.

3.1 - Lttuctuts do P.-

La volume explorl tki yilonimarct lacer j tr-to composantes O-t tsprfsontat out It JigLtro 4. 11
u~r* out0*1 I# hkutovr Uo It v~tnt at #'&tor do X - 250 A X - 40mm, cl*3t-4 Inclut 1& 06100n

4 ? ntVVoCtL06 forts. lnt saploratioav oat , A4 9shcotdoo "e'on des lisnos vatli v s opacios on X do
1090, at contfenuta done 3 plotns IongUriudtnw's do coord*~nrtes Y - 30, 45, 0, IS vc 90... Atolli, teule
Is ,;.arti cantral* do Vicoulsomnt, out u.rt.%. &- tut roprisantaftl Is 80106 4 doa'nvordure du csarl, a
po ift* somdtt. L* Woftot 11 *oatr tvtr4 impassible doff~ttuer des sesurta A mcine do low. dos
Patois AtgiTales, Its pbtiatpictv Atoo' aloro 6bkouia par Its cifluxiou# our lee Itlccs. -
Wall 1,4 loGCh"tI~SIn do 2 00 V41OUVo 1%A VeCtOUr Vilt"6o ItOtenUtOM nt 4t# pt#X4V#* Ott 6 G(.0
Psiate ervi roe.

Las figures W0e A 1. %ontroet urns opricorntattoo do champ coos focus do ttacis do projoef ions -ju
voctreur vitoosee soprno den.s let 5 plans %oa~ltudtnawt YL. Veiaas d* to# rioultotsoa eel on vtdouco
lea carw,~tristiques sot etotto

Dont It Pattie amoet d-4 doitto., IiAcolmante .uperoooiquaso aacclfre, to *I"e loop, quo is
Iectico do ctast 6'agrandit, Ivim" wittt Ato plot grand* prim 4. Is boass% cto ut .0t normal on
Sortu do l'offeat 4a courboro, to caucho liw'.te, dont 1'ipaistout oct voilatn do 4w , *ot dittici).o a
soitr.e a dvidsocs, Is V61ocinltra ao Aoqtamt pao d4 ov b'Wta toi it~celIwoa A L-t iateaton donA6 pearl
Infteiedre A I's"m, to apprO04 o ramigetlle.

'atltAAL 4M pI411 V 30w. (Is plot gloem,41 16 face A) at Ott coaaiddrott oe qut~ia Otte p0da do
Is baos. ok Oseors" t partir dc4 X 260m. un fo% t dpaoisiusstea t do Is c6Lohs limito dont its
profile east Wes eto!'84% Juju"U' 119 310,m (Veit c~l a) Co cogrktmont got A ou. owt n colatlot
06oC Is spectpa peridtol doo"ni Fig.4a ., On I"it quo It ploo I - 30m. tow tvo Is ta cot dealth4
cwotpioe tntto lit LItasa do alpaest'as (SI) at W5). [a awolI.I** proflea at toq'Iisoet V~pli"at.m
I. e..,340 divaipative.1satad tree- &"Lee*.

La toodate set stecaloWa dgee to plain V - i5ft (volt 743.Ifb) eO4 9 I 290.0, Is aaietlbout oft do
vifta$" COpO to, trio prim 4m Is p.001, wwn sawe do rttlux. Ka fait, co plait travres to dlcotoleaol
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Fig.10c), lts profile soot notesmont main# &iforucs, 1. plan paeasnt pria du bord axtiriour du
V tourbillon contr# Sur F2. Si pour Y - 45 at 30m, on n'obsorve pas do roflux, maigri Is. direction

pride par Iee lignec do courant pariftolo. ontro (SI) ot (82), coost quo is courant do roour at trop
mince* pour pouvoir Itr* ditocti per 1Vepparoillego utilia6.

11 *at A motor qu'*a bidisensionnol, pour les mixes nombrost do Mach avant choc quo coux
rancoutrda ici, il so formoroit un courant do rotour beaucoup plne fort quo I'on ddtocteorit aicisent
[19). Cott* diffhrouco do comporttmont fondamentale provicut du felt, quoen tridiueneionael,
I'Scoulemout a 1* poshibilitd do "fuir" lattraleownt d'oa It plns sonvent un 6tolemust at un
affsibiiaaoment dos interactions.

Los plans situde I Y 75 at 90m (voir Figs.10d et 10*) pacsent ou dell do (81) ai biwn quo
1'6paissiassment do Is couche limit* oat maintonant modest*, Zu memo teapot I'inteneit6 du choc tend
A diminuor, come 1. montront les distributions du n*%bra do M~ach M!(voir Fida.6a ot 7a).

Fria de Is Perot snpfrienro, lee champs do vocteuro mottent en 6vidonco no phinomino simileiro
dout lVorigine Cot plus on avol en raaton do Is position plus roculic do 1ond do Choc (voir Figo.6b
ot 7b). Go roportant en vchiss do i& figuro 9c, on volt quo 1. plan Y - 3Cmm (FIg.10*) traverse uno
rdgion, comprise entr* Ios liginos do siparetion (SIC) ot (511) otl 1'coulomont cat forcement ralonti
cane quiLl y sit formation d~un tourbillon. En se repprochoat 4u plan Wiein dui canal (Y - 45me pule Y

-60m, voir Flgc.I0b at 10c), 1et explorations pinitrent done I& rigion do fort& interaction oil neit
1. tourbillon intense contr4 antour du foyer F7. Lee prof ile do vitaeso cant &lors trac 6vidds, unt
some do reflux &tact saianaonnt clairomant ditoctdo aux abeciocum X1 - 350 at 3600m deand 1. plan Y
6Csm. Encore pins loin dc le face A, pour Y - 75 ot S0mi, 1. courant do retour disparatt, sets ls
dtformation do. praf!is eot encore extrimmouot proconc6* on raison do la proximiti du grand
dicollomnot orgenied autour do F9.

La structure do Vicoulabont do fluids parfait, extfriour aux couches diooipativec, #ct miss to
6vidence par Its tracdc do ligne. leo-Mach priseoutd Figa.11o Ia11.

Pour Ics 5 planc conaidirts, on observe nottcamnt una structute, do choce on lambda Campartant. Un

c hoc do tt*t oblique ( ~ ,un choc quasi-normal intense(!~) occupant I pen pric Is soltif dt-
caal to pled du lambda t 5) rail pen intense. 4t&nt A point discorneble (VIdpaissicssment dos
Chocoal C i ) eec cuano par 10 logiciol do trot& dos courbas ico quA intarpole lInAolrement *Otre 1..
points do wesures, let trop ocpecde on X pour "Capturor" convenablocont Its. disconclaunia ticoritics
salon OZ). Le choc oblique C * ot bion maequ4 done log plans Y - 30, 45 at 6CM. A Y - 90Cm. ii
Socet considirablemant affoibl at acablo Wer remplacd par tine compression continue, co quo
confirmant Its assuredos ia prot (voir 1igc.6a ot 7o). 11 oit a motor quo be position en X dec pioed
de@ cudea do choc -( usa nel bien quo no ) u von.s pratiqueaent pac d'un plan Y 4 I'sutro, co qni
aontr. quo coo Chace sont psu inclin~s par rapport a Ia vittosoA 'a Vntris du canal. 11 serait bie*

* cOr tris Inscructif do fair* do$ meaures plus pris dos parole lotinelcedo u*aniiro I pricieot It
structure dod chocs dana Its cola*.

Loe figures U2. & Ile rcptisanteat lea projections do* vocteuvo vittosee doen 46s plans
troncveaoux Z't (noter quo 1*leholl. dos voctmurs #ot plue grands qua pour I* troc# du chsap
ioositudinal doentolo plaps 11).

W to~ prealer rioultec (Volt V16.128) tot relstif em pion situ# A X - 26006, cOoet-A-dire qu'lA
Correspond mn chemp dos vicooves IM4ditomcnat oni amont dn cyotims do Chcho. IWuhs *entire xinirael, A
caott etation. anne V~ofict do Is bowo V*4coulsmeat transversel at fait do It f ace A venta 1a face I
at prisence uno cocposensn piongoamte. Egalemant, on observo quo As compotantt do viteose transverse
oct boancoup plus important* pnia do Is bases quo dane be co"e owtara du Cheap.

A partir do X - 280= (voir Ptg.12b), it ee prodnit un chongocont important doeIn s ltructure du
champ transversal an votoage4 do In boost en relson doa Vlntiuance do Vond. do cobo. Most, pour let
explorations a Y - 73 at 90w (tot plne peach.. do Is face 5) Vk4ouiaemonc asi do Ua paele at on
d~oeouc d~une diocootlnuit# quit set manitetootseot Is trace do Vonds do than V, . tend i changer do
eone at a so faire do a voeo .A. C* cooportetont c'eccentua on tur at a Masure 4ne 1*0n 0*ilogno veto
l'oval, comme It monroe Is figure Ile relative an plan olcud I X 3206. Lo refine do a veto A a
feit vaelutonant soetir endos poor 1,&Apioration sitnie a V a Onme, out ian. distance trig courtt* e

* voileinq -a iio lmltt 4i e rot. Un noavenchs, pour V - 30M. 11coukdemoe so felt coujoure do A vote
14 tM dictingue ftelowat Ie Weaos do Vondo do than t~ qul Istaweecc e ia quatro han..o
dezxpioretion Y - 45, 60, 75 at Gm. Pour I - 330m (Volt rig.12E), Is cheap do vttos ee otiriour a
contlont plue do discoacimuttd. Is plan Ui coosiddOr " ottueasc en &ale du syotam do cho"., )

()* I au sonvoon 40 COteelOn, prig do 14 bases, 9'eet 9"1pi1f4 @j .4cea qa'ili dtfoCto Meteteect 14
* ~~lign Y - 30m. Un phgomine analogue so divooppo da*@ s 1. olsenege to Ia Perot mupdrioure oil, pout Y

*71 0t 9Gm, Vit-ouloosftt tri prie do Is surface so felt do I Vore A.

f ~~~~Les aidescrcdloiuo "its akCretUin0 eat V141bioc done 1. plan 1o plug aveal, situ$ A X
-390M (volt vlg.Ile). S1ilatanieoot, 0o ao16isc. A uAG diminuiaton gimbral do Voasplitud. do I&

cospossnte toatsnevreole. surtout deas Is Wtris coarai, du champ at toea It& rftloaa too plus prochoc
* ~do In face 1. Cotta toandemso ttdult Alelfgasomot do 1**eombl do VIjcoUIeaeac "I"a 11aa
o boqlco~dlnAI Eu CeAAA d00C 1. SOCtOo net nedeVIOWs don~tsate.

Les figure* U4o a I3h 6"ecreu dad tretie do# Ip..I 4-418eo vliour 4u amodule do lo caovanato do
Is VI tta. date do. pbom tiaaVersousua Vs. 'In am" dee wides do 00 (plan a 1 e 26", Vig. I U) led
counboa oat wwe alure rtnlire qjui credasC In Elteaot Oanto 1 patioe divorg tom du canal. tat
dstatoge pcrae260ooT loo cIretse3 dat 103cha wt juso an£i@. do piedd tempO p610u do1 eot, o6
detiong"1 pa PaIG o 190m trace.b oru Is) Chapot 111ao enoao. so Onedu tamps rolqu do In ) 4.0t .0

$ oomatt gao otcucitiro, etatituio do coutb Womake, emtcopoaddee eau duacowosa provoqud we



En allant vera V'aval (Figs.l3d, a, f), I& trace do ( s'loigne prograssivement do I& boise.
A X ,330=n (Fig.13f), ell* eat aitufe un pou aui dessus du milieu dui canal, Dams cette section, aui
contack de 1& paroi supl~rieure, apparalt un noyau corncidant avoc l'origins do I/interaction
provoquie par le choc ( 11 ). Encore plus loin, pour X -340 at 390mm (Figs.llg at 13h), it plan passe
an aval des chocs. Leas deux structures assodhies aux large., ddcollonents gont particuliarement bien
visibles.

tins exploitation plus poflas6a do cos rlsultats, en Via d'une part do mettre an 6vidence la
structure des pseudo lignts de courant associ~es au mouvesent transversal at d'autro pert dlftablir is
continuit6 avoc lea spectre* pariftaux, nficessitera des mesuras compldmentaires, plus pras de& paroie
lat~ral.., at salon des lignas Y plus rapprocdAes.

4- CONCLUSION

L~coulemant rdsultant d'una interaction onde do choc-couche limit* turbulent* *a produusant doen
un cansl tranosonique do ghouttria tridimensionnelle a fit6 qualifi6 do wanibre dftaillle au moyen de
mocures do prassion A Ia paroi, do visusliestions psrittalos par enduit visquoux at do sondages do
cheap par v~loniulmtrie laser I trots composontes.

Les spectra& pariltaux, releves our lts quatra faces du canal, rdvilant une structure
extr~mement complex. caractfrisge, par I/extistence do nombreusee lignes doa sparation at do phusiturs
foyers, tractsour sr1 paroS. do tpurbillons s'#cbsppant dona Vtcouhemtent ext~riour.

Los sondages au vdlocimltre laser settent d'abord on dvidsnce I/existanc, do chocs constituent un
systim. en lambda, analogue a co qui get observE on bidlannsionnel. Toutef die, de large* difffrences
existent avac 1. cao plan, notamment su voisinaga des patois lat~rale. dui cansal rA las choci tendout A
Otra remplac~o par des compressions continues. Los explorations Lontrent onsuit* 1s formation do
daux r~gions ddcolloas, I/un. sur I&. paroi inffrieure, I'autre cur Ia pargi supdrisurs, dont Is
naissance coIncide avoc los pieda do* oades do choc. Co* tones sont msrqtdes par in fort
6paieaissemant do Is couch* limits avoc Ovidement Important des profile do vitae"s longitud-insux.
routefois, Is destabilisation est moindre quo dane s la cs bidimensionnel, 1Vtcoulament ayant ici 1.
posasiblitl do e'dcoulor latdralemeot, att~nuant *lost I/offtt des gradients 4o prossion, antagoniste..

Lea pr~sents eassels doivont persottront ua seillieure compr~henionot physique des interactions
complexes so pnuduisent dens un canul transsonique tridiaenionneml. Ile peuvont Agselment servir aIis
validation do# codes do caicul rlsolvant Wes 4quation. do Wevier-Stokas en founisseat in oenseble do

doonaes .rpaitmoAtales bien4CWh#
a~nOinG, Una exploitation plus poussa do*de rdsuitats diaponibis*a t des assure@ cmplivasntsiras

ssvirant ncaesseirdo pour so faire une Image creinint claire d. I'Auoule~mnt, aot~rut 8o sam
ralainden* do* plans tr4AnverSe1Ux.
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DISCUSSION

PiRamtte. 1k
L. Avcz vows observe tics fluctuatiom do l'&~oulcmlcns. dans to temips? (bflttenent d&S olndes do chuc., etc.)

2. L'analyse lnstationruure de Vlcouloteniet quo vosis ailce faire vowi pernietins-t-ello dazsalyser a~ Ia fois I- turbulenc
do 1$culowsat ot Its fluctuations avvec wie &Hee tic temsispajlus grandg?

Anthots Reply
I . Onl ba11ienwisid Atie de dicbo vlvsvt eftcctivoilncnt pecpbto~ duos los uswsures effectues, iI so traduit par uns 14cor

ctimicsent do cxlle'cl dantskc' rl~ultais eics 1niesures, TopltofisLs. cc phesstssien est Is petite &chok3lloi ' a pis do
plsaubiotei A grataic Wclwile (nows rappohjsn quo l!&tbulemow ddsk4 dovait itre luatiotutaire duos un premtiec

Wol~n quo flMoulenicnt $Olt en priwtpe wtnsliblefltiet staiinioirairt. uric asslyse ittstitiwttuilre des sljmuiitx issus dies

okuldsuf adoo frauwhwe nslo n ssatiw usl Pixa pi&Cvesuefleinonu do quoiques modificatIons It litudler.

iaw.Mt,. No
An uiiportant question of accurvicy oit LV is related to the wee particles which mumt hillow the flow rather exactly.
I 1veyo p~roved that your particle followra'"uratrdy the flow, psarivuhlady when crossing the shock wa~ve?

F ~Au"hrs Rfply
At ONIEtA wenl~rcudy havo lontg espidniel of L4)V Iculfeanrefint. So tIse 1curacy (if nauruitsand thle
capailItty ofthec particles to "olow the flow weor testedt many yorwx apt. It appeared that hi the traitsonic domfain, the
Palii"tlde da4 W to the lncrialofelru~ is nwe'ligiblkeoven when Irnuma4l Agal& The dizamete ol tw particles used

lbnssaa i4W1U UW) ib leAS ftha S Ym

On Elgsue I). thelvitklty %veoctrsitoin the chanssn direction. I dld act seesusymrevere flow, Was thsbecasted"there
4t any or kbecuse you covul no dws~g~hWA bac us flw*"h t(k mcWasawer tdulique?

It ispossible w bto itisulsh rcverse flwiwith out lbVilysem whtich Is equipped with lBiuafcliv I It Wow Ixtsibl ito
absent1M them of negatIVe %Velodde oin the pictures P-'alnked beaUse4[t the scAle used, die acpsilv veloitis beling

snai In nodlusswpn wiAwz the Owothr rs. as)il therc;lo uf rsewd now Very thin.

thi isa say" lrujxwtass vpeimel ni In domain when. data ae kwwickng Iwoulo lik Ws ask the flOWin quostAlsx
Wauadust~ndi woxltmn W o i xa lp t t



1-20

3. How did you choose your geometry?

4. Can you make any comments on the accuracy of the measurements?

Author's Reply
1. The aim oTthe experiment was to obtain a configuration which is as steady as possible. Actually we observed small

scale fluctuations of the shock location that can hardly be avoided in such an experiment.

2. It was possible to do measurements at a distance of two millimetres from the wall in the region of the bump and 1.5
millimetres in the flat zone (downstream). It was necessary to modify the inclination of the beams and the
orientation of the collecting optics for performing the measurements in the vicinity of the bump.

3. The geometry was chosen for fulfilling the two following conditions:

- to obtain a three dimensional flow

- this three dimensional flow had to be obtained with a geometry as simple as possible, the surface being
entirely defined with analytical formulas. The smoothness of the surface must facilitate future calculations of
the flow.

4. The accuracy of measurements of transonic flows with LDV was tested many years ago at ONERA in 2D cases by
comparison with other kinds of measurements. It was established that the accuracy is better than 1%.
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0 ~~SHoD STRUCTUR MEASURED IN A TRANSONIC FAN USING LASER ANENOMETRY
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The oircumferentiel lsestion of eamh LrA velocity measurement relati-re to the rotor is
determined by assigning the messuresnt to a "window formed by odjaoent pulses generated by a
variable froque oy clock that is phoee-lockad to the rotor rots onal$ peed. All measurements
that occur within a measurement window are averaged together andeassigned to the canter of the
widow. The coctk floquency in et jotgenero 50 t!:ursanat windows across a bslurtemnts ar 0 ST redl acress 17 oa ah 22 rotor bad all asl. A typical dolts collection run

congists of co11*o0 g 640,001 velocity amasuXeMaee at hxaal survey location. Thi: yields
ea rolimstely l70 measurements in eabh nI•vdual as resent win ow and res in a
iormfarent*Ia valocAty profile in each of 17 Lnj bNrado passages. These 17 profiles ere
spatially averaged together to form an average blade pa sagse velooity profile The mean
velocity calouleted in each of the S0 aasuuresant mindows i th eaverage" profile Is therefore
based on approximately 1200 measurements.

Velocity magnitude and flow angle ere determined msing mospurements acquired at two different
angular orientations of the fringe system at eano a -ial Iu v ti J st ior to erforming
seoorpleto flowfield surveyj sireann runs ere *ads to aet Ien: ti 4 Xl SINributlon of the
pitlwi4•l-average flow mng i *aong t e aeasurement stremsurfece, fringe oraentations which
tea used at each axmi survey ovetion are then chosen o as to brocket tie local
pitolwise-averagea absolute flow angle by go degrees.

SElD PAATI=lT LAO EFFECTS

The velocity measured ismedietely downst *im ofe baolk is known to be higher then the tfue
gas velogity because the cee purttiles gave fInte Inortia and aennot follow the h Vgl

(eeereton nreteM soros e 0 1This . hl ) oens is known Setee pst~ oe o*g I a &"tent *I
the region il w Lot seed partsole ofg acts *aIre present ant Ct Colentue or the leg areS•unctiens of th.e seed y ole. sse end .th s1ho9 k s tengt, The particle aM en Olson srangth

tarr IR thle present wrk It e nearly Identi a v~ et• thot ofn earlier invecntion
w hich seed lag "effect et" edid. Results from. in aite that icr a normalkhook at en upatreem Mach numer of 1.4 tle veoty, soeured behin t a shock legs . hiid tile

true ve lonity for a stracmwise distance of 12 ene wion orresp nds to 12 peroent of aero ynamic
chord for the present rotor. Within ti lag region. the measure velocity s givean approximately
by

Vp - Vgl # (Vgl - Vg}ro exp(-3 XPL) t I )
where Vp in the measured seed particle velocity, Vg1 en9 gad Vg e the true gas velocities upstream
end downstream of the shockrespoctively, X in the stroemems distance downstream of the shock,

nd L is thie leg distance.

Sohodol 141 has inveptilgeted the effects of particle .eia on the Mach number distribution
eesurad ecross a shook by comparing measurements eqlread with e laser transit aenoeeeetr acrors
OnH Ie ooranger ror t b h s for a range of pair*t a sifies. He found that •m• •1og tne

post-anoqk aeon number V atriution is dependent on atole*s aaeso the point •tl4hh the ach
2 urber •irat begin o gilange rapidly is indepen1ant If partlle Ila. Therefore, whoen

ining the stook loatnin the pretent Study, the point at which the meesured Mach number
first begin. to clange onsidered to be an accurate consistent Indicator of the s~ock
locution.

DET-ERMIXCATICH OF SHOCK SURFACE LOOCAOIO

The shook location is di rain d on sac n a el raeent surface beee gO an45 percent a ea
b poitinj bled -to-bld t. tri•utoI no rtlCatoe Itch nuer at eca c &Hil af aent llitIe e• e• or No em a- -sietareeei uoin11

er ent epale mme0 uri e:: •*drfep' I:;,ute )Sl ftre.n •p ,.uu i .L on5 we Q, |€t tie l
e-to- 0a-e en st nusor 'strinut mi nniolre w ewisteno e ow •to-hnKrotor. IsaNot

p[ c enay persti4 g poin. i e.sy sgeonh up Kn clerly In Ilet -lee pmov 1 s antee
Oh lig•si. s reauwise plots of reistiva hi number ere found to pPaoee muon more ITnlnlt vI
Ynd icatlon of the e co nd e hook location, order t o improve the p at ial Cte so lution, o' thestre a r e v ai h nu ae r d ie trtbut qnsi v.A survey s a e t a en enverl N .o p er e t of rot or ohtria eIthe hck efficiency opetetig conil dt6 ooi. e t a qIa

Th~e i zu• of shook location date po ints 4ptte inqd upine the eb av f pro cedure i n 0 thi
So ak . o sno y en d n ne o st gll Ipa t ti g o ndit ion s in rlgo r upa • tno hoo k
a! sthon extend in g Ero s the aunt , r Surf e y s tse intitee rt n near. a. p e s tle

1in al t P oleteiv -f roe the 5lede co en atel ne p.ly the font ool. eowne c em for
""Itf useof atck ondtion Ato lithe nestienI4 flow theeppe ar trocdr a n wek fon the

ook e the bl-de suction mu fae folooe "Syoe stron*ertr r a. chne ko4 pan . near
sthal, e otwony th he ser ort e souts wle Ir suqed h Nloit of thi flow

ne.l eratien, The uI f oerto n ty inim a ob le"a ne m *s on tY n orrC o two es. p eIeX n t w• o ndo 4
S~~p eroent.of groto ptohb un thik oi• umfletine••rio• eng en o p seento rotor chord! Il thaatseec.c dja 0ro . h son.d ,ve need re c me ye eant-stears pol ynomal
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CALCULATION OF JUMP CONDITIONS ACROSS THE SHOCK

In order to calculate the jump conditions across the shook which satisfy the relations for
conservation of mass, normal momentum, tangential momentum, and energy together with the
requirement that t.he entropy does not decrease, it is neoesanry to determine the normal vector tothe three dimansional shook surface in the rotor passage. The normal is calculated by assuming
that the shook surface an be described by moe function

O(#,R,Z) a 0 - - FCZ) (2 1
where 8, R. Z are the axes for a cylindrical coordinate system. Consequently,

* - 1(R,Z) (5)

"The normal vector, c , can be obtained by

where ae n , end 'the unit vectors in the cylindrical cooqrdinate systea. The
partial der vat yea are obtained using numerical diff aentiation.
ItThe shook face Bach numbers ware obtained from the velocity Components measured in the 5,Z

plane and assuming the adial velocity ahead of the shok could be caloqlated from the measured
axial component of velooly and the design streamline slopes for the rotor The maximum design
streamline slope was -a,3 dearees pt 1

0 
peorent span from th tt whach Aid o nt a ignifieantly

onangai the Mach nambeir Tihe so nun componeanet normal to th• surfaeis whic Aninod tfor

whore the Mach vector, f, has the same direction as the velocity vector and the some magnitude as
F the Hach numhbe. The component of the Mach vector tangent to the shook is obtained from

With the speed of sound before the shook, the velocity coaponent tangent to the shook surface c•
be obtained. With the n tool and tangential oomponmnts known before the chock, the conservation
laws can be applied to yield the after shook condons.

In order to •emonstrate the importance of considertnm the three dimensional nature of the
shoo ook cnditions mere ele calculated with the shook assumed to he peorp*diculan
to the onical surface of aveluti.on on 1wid the eeseuramente vc taken. The "enrceivEdi 0eos1
aoch number whio would be obtined i f n the two dimans onal n ture ot the shook wcoe

considered was oal ulted oin a *anr ersnor to that used a oalou ate thf true norma •ach
number. 1he norma veloty ol a t ft ts nooak usln the normal h number an the

n laty &I I t hook ustII tae v dx. or.to •e a•ri.nl, noriml Mach number pe4utrd to al OU~lto e Maho H ulsi and total aondton aort~e an anokfor ae 0 oeo.QI Althoug#the fai ofta• =a•eg Is temperature aroess the ahobk to constant, the ata,

coa a reie t ccure for ecI atIou~1
Sgn a a tote t tem rothe sho k nto

r I on Ai•oo n ntoi, :preare ane hne a40 &noenp2oanMI: ozno• t 00 Copeoonation ge lnU Nag 3aum t I 41=ntra 10te fig~fet,o
• •.lO~lta= otr Urk do9b.sumtnv q tadunloe Z~o IhIn te tua• Iok 1hr

dieeneicne,. The iantopto e1i*nay. It , asCmV , atedj .PITr

-iari PAR the total pressure ratioenI TA isthe tootal tIPeture ratio Savoes the shook in the
Seusjute rese of refereneo amn I ts e specifi beat te o.

OUALITAIVI DtSAlPTION of TH SHOCK SUIFACI

Two scrli.r invustotton0 have Ite•epte to vitgus mt,, three G1tconeal shook surface.
gois sca11 t tfiqut to bineve th #-ln e U 4 lbth11he rotor

ma i.in th s; tatc. !In? hoo1 as r e teo anwo foneo alX a •soer. Atev tato N irk tens ai n0ur th @ltothl ne Im.e t Icoo kI seen a pae awas. an by c ooetu tWe
CHOCK uhe cc, at ~ e x tew.e ptins he~ am•+ IpSiO aplll+ net•o ensthlaot ces • Gluing abe goner nonti.

cot as 0 CIa 3ele pastea g,1t5e8c3 1- uit.an ear# c bi -I• e a t at* camS at Trci
scanato of : s rj # 1n ga 9 3g ttupan ware rgstoe to vobt e Vqmel .thvElaohook eurface. Tills

v-pret the 2e0 is e oe a sml rspeoN Vs.

Tn th peasant wtok, trv•e 4tent"tl rsepahies uei to queh14titt V teUe v theatiSlurfac lcs, Taael evIan pi.nts tnte em eit n" it o ft* e th•e hook a on stein 5
iiI. 1"X"e-to-Oe eallaurce4nt face era eeu)Imcte forI neeven-IMe sati ch

dejoiha the ahoo surf.a shape, 4 ab aft of nei.a ofi he lan sj tonen presurwe Ivyfto" to forCeoIeoe ;s l as t In the p
o o n ialsttione t I• o la , e. a w heLe qua l as lga.to1r c ae one U or at IN M e an1tis a ,IG' N1• 1,a14 .il a. rT 0ist " m I wee-

1 ,•1Sin s..0c thuim scu n14t abWe b d mh Ms n4d titte t ont, h plot of
dIhtll le~ah set I an far bi r I Ih c ON* 4at" i the.tt. I,. I= ,,,1,,,.nt',

!ataljs olf I • Ott.,ul . of tot r I 
5

t . .! 0 N 11
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R4 ESULTS FOR THE JUM~P CALCULATIONS ACROSS THE thShckwrHonOnCfo hXhoklc

T~~ ~~he caluain o hoc us conuidetion aces the d esioonalrie. dohe onl k fo h hoklc
n0percentt pandi nrot athempti is chonsine fihue 8. The three dutpimesional natuem ofThe rshockior oth nearidtnt flowr at are p rcent span hereowt calculations fonatrcoc ic ubrwhc1s1 eealy 62 to .2 h ihe thn thgue tD ceoulingttitgpretsa hdo uifterence is been 0.1 a ndos 0.17 Atoo tew pren s the achoak isrt t wo dienional nau e ot ep fhorkiaclightheved ndisnnonatlsho affect n~ea th e leain edg whsich is de.t the lsanok the leapedinglatdgoi theoia surfaaice di reotion. Te toalrsuers calculate acroof the shtskMuhnme or in, thean l 0apor cetor fra n -fof re trne tipi shown in figure S. A larg phresre rimeseioccur naturesof the shewkch okeidn for e5c percent sppan wihhote tishoc prDucn calculatiosyelds prafessre rato ofa numbend

whcnsistgentraly 0rou2e more.2 inicatereseraithnds then thre di2niDu calculation. A hrypretsa hdiherientropicbefficenc of1 the compressioan perocess spran the shook is show dmniona figue 10 Theasighnttropi dficienyocalculaetnedafr the twoadimninag edehck is lowero thelan thath cluatd foredge in theok which dircton.itn wThe the a pressure r ime calculated wteachosmethod.l n h
labouator cralcuatedf foroa thi ekefcecyfo on r shown in figure 9. f ag rsue ieocr c o rs thebocalculafod such numer change onl sinte tisheo rdcp calculated pressure ratie and ef.cin1 folowdthcame t0prents as n lohtone producing ao th e snea resal rateo For6 10e perdientspoan the culahook i

eaoxstent~ely twuoq ienionteupdtoaboted0 pressrenrtiof then doesac ln the aeo theo shesolclcltockfreta leading edgicenc tof the sctmrsion surfac with threen dieShonok efics soccurinfguover 1.Thelasnt 50prcen offthen calcsage. ohrea the two dimensional shookgin is oe hndicat cafclter fhokt e r t1 Sho ah hit are stn ut than Tee ves iecacltdwt lashmthd
Resh um trs cf eablcula e ssfo then soneficitenc flowe poienta eou*eshown indficate a1fter thoocolulaol ith nmbspcangen conlparable thre ;uaedi n reisnreriseot atd 0erfcienty anlowd th ernapans. The location ofs d .the nhock fot *t[ellefiie i sat ver enitiv O to siaellh chages inf,.leanth l narne difrec int. h.4 th three d abnoutj efetsa percent e1tn n d 20 percent ay shoo

lroctatio adns whchee motea sured ion dif faren days. e iesi osocurn oe h
lothetherceedant inlt of t h ashock hs bh w i n nle efec on i nd thate ather flo"soimensia opters or codeas. AtSh prentso at ntne a theo ean n h indictos ate Shok iMognuln armt abot -2.* ;mral gre ato r t he n s~rotn n. haeni~ail al ls thre dlow hoas

off evtotlu p ernt i o nd th coo l thrmeasuremntsoa ar faet aont a derentignd5 ptemrfcenone.u The, 1 ca io ofe tse dant m o h shock fo atiaofaayisvrseiietom11crs gse ie!low~ andth l'a~rva~ fpnas aena in then atre atensiona Ueffct ate beingcensured a0fterctne mhooke
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CONCLUDIHG REMARKS

The present paper has defined the shook structure inside the rotating passage of a lod aspect
ratio transonic fen at a flow rate near peak efficiency and near stall us ng detailed data
obtained with a laser fringe anemometer. Because of the severe distortion of the shook surface at
the peak efficiency flow, it is quite beneficial to qualitativlay study the shook structure using
three dimensional graphics in an interactive mode. it was also shown that once the shook surface
is defined, the normal shook Jump conditions can be used to calculate after shock Mach numbers.
When particle leg across the shook is considered, the agreement with date was shown to be good.
At the near stall flow where the density of the irA measurements was not as high as that ud for
the peak efficiency flow, the agreement was not quite as good between the jump calculations and
the after shook Mach numbers. Overall the Jump calculations indicate the importance of including
the three dimensional nature of the shook in interpreting the experimental data. It also
emphasizes the need to account for the three dimensionality of the shook as proposed by Prince I1l
and Wennerstrom 121 in the design of turbomachinery passaces:. The total pressure ratio calculated
across the shook indicated that a significant portion of lhi rotor total pressure rise is produced
by the shook and that the efficiency of this compression process is quite high.

Comparison of the shock locations with those predicted by a S3) Euler code showed very good
agreement end indicated the usefulness of integrating computaional and experimental work to
enhance understanding of the flow physics occurring in transonic turbomaohinery passage#.
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WAKE AND SHOCK INTERACTIONS IN A TRANSONIC TURBINE STAGE

0 by
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Th togtrailing-edge shookwaefrmtenzlgudvaeofrnsicubnetgs n

itrcinis simulated by means of an array of bars rotating at the oorreot speed mand spaoing upstream
of the stationary rotor blades. Detailed heat transfer rate measurements made with rapid response gauges
enable the wake and shook phenomena to be separated.

C2 -~ MY exit velocity. relative bar velocity

St - Tangential (or true) chord
kc - Thermal conductivity (W/aK)

4 - Hest transfer rae ~W/0')
X - Zasantroplo Mach Number (based on local atatio pressure and inlet total pressure)

Ru - )lusselt NumberjRe - Reynolds lumber (based on inlet total conditions, isentropio, exit Maoh Number and tangetial chord)

a - Miade surface perimeter

T -Temsperature WK
Tu -Turbulence level - ul/5

U1 ViuotuatiVg Velocity(/)

F U *Velocity (0le)

x Surtsoe distane tic s t the leading edge atagnation point 01
lb- Dihstance in thes Pitchvise directioa from thesp~ a SP aN'" "UM sition
. Q agl* (measured armth xial directift)

* loestreasI ~1.2 M net. Outlet
mes .eagwlas Point

b.4a*A u~es", tip (or Isafetial to, eord dofin~tinii)
r4 Watt"w bara' cndiio
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The effects of unsteady flows caused by rotor blade/NOV interactions and the disturbance to the

potential flow due to rotor blade motion are arousing increasing interest as attempts are made by turbine

designers to improve their predictions of performance. Previous work by Doorly
-
- and Dunn

4
-l* has shown

the significant effect of NOV-rotor interaction on heat transfer rates associated with the effect of the

turbulent NOV wake on the rotor boundary layer as the blade passes through the wake. Doorly's studies

have identified the fluid dynamic phenomena associated with the interaction employing a stationary linear

casoade and an array of bars rotated off-axis upstream of the blades in such a way as to generate a set
of wakes which pass over an instrumented stationary blade. Dunn's studies, on the other hand, involved a

complete rotor behind an NOV ring. An extensive study of unsteady secondary flow vortices in a turbine

rotor stage has been made by Binder et al. 11 -1 1. Laser two-focus velooimetry was used to track the

distortion and migration of the NOV passage vortex as it passed through the rotor blade ring.

Simultaneouo measurements of mean velocity and turbulence level were made. It was found that the

turbulence level arising from this vortex was raised considerably by the cutting action of the rotor

blades and this effect was ascribed by Binder et al. to the break-up of the vortex itself. The

experiments were carried out in a steady flow turbine rig so that the long sampling times required for

accurate LIF measurements were readily attainable. Hodson's has also investigated the blade-wake

interaction measuring unsteady blade pressures on a large-scale rotating rig in a manner similar tI that

at UTRC where Dring and his oolleagues
1 4

-
1 5 

have studied blade boundary layers using a rotor axis fixed

hot wire anemometer.

The work re6.rted in the present study has been carried out in a linear cascade of the blades of a

transonic stage where the NOV exit Mach Number is generally higher than that used by Doorly or Dunn and

in which the strong recompression shocks in the wake have a more important effect on the boundary layer

and hence on the heat transfer rates. The rotor profile is the same as that currently fitted to the MIT

transient blowdown facility described by Epatein et %1,14 so that direct comparidona will be possible

betw"n the two different approaches.

Ircerimantall kmapaatus

The measurements were carried out in the isentropio light pistoo oatiade described by Schultz at

%1.41. in which a short duration (- 0.5 sac.) flow is produced at the correct full-scale engine Reynolds

and blade exit aoch Numbers and 4t the correctly scaled gas/wall temperature ratio. The simulation

caployed, I.e. stationary rotor and moving wakes has advantages in terms of simplicity over the fully

rotating experiment in so far as Sohlisero techniques may be employed to locate shock waves and boundary

layer separations (induced. it will be seen. by the incident shook wave). It suet be espbasaicd,

howver, that the following eWfets o* not sisulated•

1. Temperature gradients in the wake due either to a tila cooled NOV or the beat transfer to

the vane as a whole.

2. ?be differential effects or buoyancy force, on the oooled wjake and the mainstream flow.

S. Distortion of the NOV passage flow by the rotor blookage.

4. The influence of unsteady secondary flows over both the rotor root and the tip region.

The aimulation is. in effect, valid only for lid-blade height flow'. but is believed to be valuable

naverthelee. in that It enables the relevant fluid dynamlc pbenoena to be isolated and studied in acme

detail. The arrangement of the line•r cascade, the rotating dic and stranded teel cables is

illustrated In fig. (W). I acre cmplete desoription is given by kabaorth at al.4 a&W It sfiens bhre

to record that the "rodynamto design of the prototype cold air turbine to wiah 61 blade rotor spins

at O04 11W behind an NOY ring or 36 wan I& correotly aimulated by having a diso carrying 14 radial

bars (etranded oable) and a turbine coalin feaotor oaedc*od air turbine of 1.324?. The NOV tr.1ct4in

edge diumter was 1.3102 me and the aeareat suitable cable diameter or 1.0151 sm was oboesn for

covelec. The plane of the ar of the bar*u Wa loted 14.31)8 w upetrem of tha oasodm bleds

leading edge lI . Zaperlmnste reported by Doorly"-' have shmw that a wake velocity pofile vuller to

"*,that t* U NOV 04A be produced by a omuW cyiSOd r of dimeter equal to that: or h Tosm tailbg
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edge. The cascade has a span of 50 -m at blade inlet and $6.095 m at exit vith the expansion on one
side only an illustrated in Fig. I(&). A turbulence grid 208 am upstream oiý the ;~asoade provides a level
of Ut/U of approximately 3S. Upstream and downstream static and total pressv.-2es were measured routinely

* ~to establish the oorrect cascade operating conditions and are reported. in more detail by Ashworth et
al.'$~. The operating )~onditions at the nominal engine design point are given below.

The heat transfer gauges used in this study are conventi inal thin film surface resistance
* thermometers widely used for the determination of heat transfer rate in short duration facilities'$.

Data from 22 such gauges were stored in a digital transient reoorc,,r sampliýng up to 16 channels at
500 k~z for eaoh channel or were input directly to the AID converter st a slower .ate of 400 Ha for some

of the 64 available AID channels when time average data only were required, also used for measurements
such as Inlet and exit static pressures. The locations of these heat transfer gauges on the blade are
shown in Fig. 2(a) and given in terms of the surface length 'x, -.o perimeter tat frna the stagnation

point. A more detailed study of the reaction of the auction surface boundary layer to both freestresa

turbulence and the wake-passing phenomena Is also reported ;,elow. For this study another blade was
instrumented with thin film gauges which were only 4 ma long as cL,ýpared to 10 mm for the previous tests,
and were more closely spaced around the profile, as shown in fig, 2(b). The model points in Fig. 2(b) are
those referred to in Fig. 6. Surface pressures were measured in a timt-averaged manner using Seneys
semiconductor transducers type LI-1620D operating in a &Mf'rential mode as reported In more detail by
Ashworth et al.*". Baseline experimental results have been. reported by Ashworth et al. but for clarity

some of this data is referred to in the present paper, The velocity triangle for the steady nominal
design case is shown in Fig. 1(b) which includes the efpsot of the reduced NOV exit wake velocity Con

the rotor inlet angle 01.

Kxnetrimetal Results

Heinm Heat Transfer Without Wak* Interaction

A noeparison of' baseline data with no rvrorlwaka interact..cn is given in fig. 3(a) for the two cases
of low (< 0.8%) freaetream turbulence and with a turbulence, level of approximately 3%. It will be 4seen
that the turbulence generated by the tar grid is sufficient to bring the region of boundary layer
transition forward from about MM7 x/e en the pressure surface and 30% a/& on the auction aurface to 10%
and 206 respectively. All of thle data w". taken at the rominal design cascade operating conditions;

~total ' 3

(based on iabontr.lp inlt tot#1 and pitobwise avorted ex~it static pressures)

No 0,14 a 10'

The c~relod nu'- era refer to heat *Mnafn gange idetC.itied In fig. 2(a). The beat transfer rate

is presented In ter*4 of a ncg-dimensional uAlit R(umber. dCtined mat

the bea transfer rate 'o kbe blaed with the additional effsect of wake iateractics to ýIluatrstsd In

fg...........................................................................................[m?L.M)iFL1b ascutesI oa~al nraeI.ba rnfrrt vrbt h rsue
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and section surfaces. Examples of instantaneous values of heat transfer rate are inset and these also

illustrate the norease over the undisturbed case.

Mean Effects of Inlet Incidence insle on Heat Transfer Rate and Pressure Distribution

As is illustrated in Fig. 1(b) the passage of the reduced velocity wake through the rotor blading

gives rise to a time varying change of incidence angle. Although this change is associated with the

blade-wske interaction there is nevertheless a time-averaged effect which leads to quite marked

7ariatlons, particularly on the suction surface heat transfer rate and pressure distribution.

Considering first the heat transfer rate, Fig. 4(a), illustrates the more prolonged region of laminar

heat tr•nsfer rate associated with a decreased incidence of -100 from design value of 58.060. Studies at

an inoreased incidence of 63.060 were carried out for off-design performance purposes only and although

reported here for Ceference are not a part of the overall wake-blade interaction experiments. The

unsteady incidence effects caused by the wake velocity deficit are not correctly simulated by

measurements made in the steady state but it is probable that the nature of the transient ohanges, at

least near the leading edge, are in line with those shown. Similar remarks apply to the effect of a

decreased incidence on Mach Number distribution around the blade, Fig, 4(b), the overall result being a

reduction of Hach Number, I.e. unloading of the crown of the suction surface. x/s ( 40%.

Measurement or the Unsteady Disturbanne at Inlet

In order to understand the unsteady phenomena caused by the bar-passing apparatus, a sketch of the

expected inlet disturbances In the simulation and the engine is given in Fig. 3(a). The velocity

triangles are matohed by setting the correct bar velocity and matching the oasoade inlet velocity to the

rotor relative velocity. The intermittent perturbations to the inlet flow oaused by the simulation are

shown for the high freestream turbulence case in Fig. 3(b) in terms of hot-wire output from the probe

mounted in the freesatrean inlet plane at aid-passage, and surface stagnation point measurements of

pressure and heat transfer rate. Both these resulta and the detailed measurements on the suction surface

are presented from teats using the bar-pas•ivng apparatus described above with just I bars fitted, as

opposed to the Id bars necessary to model the correct blade passing frequency of the cold-air turbine

design. This enables individual bar-pasing events to be separated in time, sines it is difficult to

tell whether events were mergia# together fros the 14 bar experiments alone. This data is normalined

with respect to 2 cycles o& the bar-passing event, so that it is possible to relate information from

different runs in terms of cycle rraotioc. The signals show a baokground turbulent level extending over

about 60% of the cycle obaracterised by a similar type of signal to that obtained with to rotating bare.

*All three signals have a periodic camponent at bar-passIng froquenoy with two oharaoteristio parts:

(1) Over about 6% of the cycle rapid changes In level of the order of 3 to 10 "a rise and fall

ties" are observed. The pressure signal varies by */- 15% mnd the beat transfer rate by approximately

+1- 50%. This disturbance is attributed to shook waves generated as the bar awsee past the ceacade. By

maematico of 3chlieren photographs of this flow, examples of which are given in Fig. 7, the nature of

the NOV s*mulated shock structure can be determined. Clearly two shocks are associated with one bar-

passing event, the bow and recompression shooks that would be expected at the bar relative vash Number in

steady flow. The separation time between these sahoks Is approximately ?S*p. marked as Ata in Fig. 5(b).
and it "ee to correspond to the time Interval bet•ee the sa falls. In level to the adja4cet aharp

peak.
(it) Following t hAe rapidly ohangin *vats, a aseod lass marked cb e in level associated with

the wake is also visible over about 100 at the ")vla. mrked as the Wae regin in 1t4. 3(b).

TMe "tufe or te reantira of otherise lmiaaibounaW waere to both a higter level af isotropic
freaatrea turb440e. a4 to the Uteittent diethMaa sed by tUe we ad W hc/bowdar layer

.. atoa Was 1aVeattd in mar 4etall WMgtbe ioUMM" avOU6o suftou. In P1g. 1(b).
sad thes Ve"UA4". aePassat In Fla. .



(a) Natural Transition of the Suction Surface Boundary Layer

Vida bandwidth heat transfer signals obtained from the surface thin film gaugsa clearly illustrate
the important differne between the low and high freestreas turbulence cases ansahown in the high

frequency traces of Fig. 6(a).* There is a constant spacing or 3 an between the thin film gauge results
shown, starting with Souge 3 at an x/s value of 0.12 through to gauge 15 at x/s - 0.65. The low

turbulence case Ohun 5723) remains quiet (laminar) throughout the entire Measurinig range of the transient
data (to x/s - 0.65).* The surface heat transfer for the high rreestrean turbulence case, while starting
somewhat higher than the laminar case, becomes increasingly dominated by sharp transient events
(consistent with the theory of turbulent spot development. growth, and gradual merger an proposed by
RMonX2 end verified by many others (e.g. Sohubauer and globanoff 51). These spots, which raise the heat
transfer coefficient instantaneously to high turbulent levels, continue to grow and merge until finally
the Nusselt Number signals become increasingly characterized by the esteady" turbulent levels. It is

clearly seen that by the xis - 0.65 station the flow is at the turbulent level more than half of the time
but drops preeisely to the undisturbed laminar values between the turbulent events. In other tests

conducted at 1.5 x R~e design, the boundary layer was fully turbulent at this location.
The physical process of turbulent spot breakdown to turbulence, can be seen in Fig. 6(a). The growth

and rearward convection of individual turbulent spots is clearly seen as they move along the blade

surface. The spot signals grow in height end width as the spots cover more of each succeeding thin film

gauge and shift in time downstream. Wehi breakdown process in quantified in more detail in Asbworthl*
where intermittenoy levels ane estimated from the digital time records and spot convection rates are
estimated from cross-correlation analysis of adjoining thin file signals.

(b) Detailed Wake and Shock Interaction Iffects

It Is possible to analyses the reaction of the blade boundary layer- to the wake and shock
perturbaticons with 2 bar* rotating by investigation of the sequence of time-resolved Nusselt Number plot*

given in Fig. 6(b).(o) and Wa. The high freestream turbulence came with wakes and shocks present
(fig. 9(b)) is markedly different to the naturally transitional boundary layer (Fig. C(a)) over tho first
S5% of the surface. with similar rapid Koss aend falls in Nuaselt Number to the perturbations evident -in
fig. S. This shook related event ccnurs on the early suction surface due to a ohook/boundery layer

interaction starting at gauge 0, close to the crown of the suction surface. Eamination of, the Sobliare
photcgraphs (Fig. 7) indicates that the shooks first interact with the boundary layer near to gauge 9,
the reflection point moving towerds the leading-edge us the ber eave in the same direction. This As
vIoihi. cm the early paups on Fig. 6(b),* occurring first an gag 0 than moving gradually through gaugs
7 end $ and finally showing an paupe . The rapid drop In surface V1uaselt Number Is attributed to an
unsteady separation and the rise to a turbulent re-etteobenot both caused by the shock boundary layer
interact rm. The effect of the wake is not cleawly disoaroaale in Fig. 6(b) and to aid in Identification
af this the bare were rotated at a lower speed sueb that the bar relative Wach *Ainbr, was suausoio. The

results of this are shown as Fig. 6(s) with a vAch mome clearly ideatifiehie enhmaosemet In beet transfer
due to this wake. Wei extends to the later gauces of the sfurae owmsag the boundar laye to be fully
turbulent over the extent of the weke. In Fig. 6(d) the background twrUlence was reduced to less than
O.n mad the periodic disturtances doe to the baa-passing events ari more clearly evident. The early
suction surftae has shook-reated phoenomsenaateediag well Snto' the eyel. perio with apparent
osoIllatioes in Puaselt *mushr moving with the shock. Also espamet tram Fig. M() Is the isteauittect,
mature or the turb~aleec Iaduced to the baundary layer, by the wake &Md shook Intermaolic. as the beuadar
layer olearly retura to its undisturbed ItAimar value between the periodisweaets. TMhe eat transfe

enensmesa des to the woke Is cleawly evideat aloft the wage saufsee.

1h i~r t. aPPeajrs that the satet of the turbiSe boundar laye r seems to ha controlled by the
level of' Fretm ree turbMlenc eanat during the tMies o whicb the sbock %W wake actualls pass through
the casaiWde es



1 ..-'re Phte of the Aak to hkItrato

In Fig. 7 Soblieren photographs showing fourpasgsothcsad (mreAtoDaepeend

for five instants in the bar-passing cycle. This reflected Soblieren technique gives changes In tone

corresponding to the integrated effeots- of density gradient aorose the opan of the oossode, so5 that

events running normal to the tunnel sidewall show up most olearly. With no bars present the general aid-

tone appesrance varies most at the trailing-dge shooks with osom )"tests due to the high aocelerations

near to the leading-edges. The photographs in Fig. 7 are free the 2 bar toats, as the pictures become

*somewhat oonfusing in the high-frequency woke-passing ease. The position or the bar is shown

*corresponding to time 1, 26 ps before the bar reaches its datum position at 906 to the tunnel sidewall.

*The tip of the her enters and leaves the oascoade when the bar radial line is Inolined at +1- 450 to its

*datum position. but over the range of photographs shown this angle varies free -30 to 170 thus amounting

to 11% of the cycle between bat-pansing events.* The shook and wake events are evident in all of these
photographs as it detailed here for each of the times in Fig. 7:

1. The bow shook is visible in passage C am a thin horizontal line just touching the crown of the

suction surface.* The curved end of this shock is due to refraction from the leading-edge of the

upper blade of this passage. as the shook was chopped here as the bar swept by, vertically downwards

* from the point of view of these photographs. Some weak shook activity is evident in passage D. as
will be discussed below. Passage C contains aeee reflected shook activity associated with the bar

recompression shook. The wake can be seon as a mottled region in passage A covering more then half

of the passage.

2. 7lps later the bow shook has passed the lower blade leading-edge of passage C and is now being

refracted from this point. The recoapression shock is now in passage C, with its distorted shape due

to reflection effects. The wake, is now visible in both passages A and B.

3. After another E$uaa the bow shook has nearly left the lower passage WC. with a quite strong reflected

shook visible as a series ot a&cs, duo to the three-dimensional nature of the shook as will be
described below. The re4compression shock, is close to the leading-edge of the upper blade of passag

0. also reflected across the passage. The woke in steadily encroaching in to the two upper passages
(A and 5).

4. The reflection of the recompresaion shook in passage C is still evident, and the refraction or the
same shock in the lower passage, Is now overlapping with the reflection of the bow shock, which now

also im Welecting again ftr'c the presaure surface. The wake is nOw starting to appear &Ai passage C.

5. A short time (SOpsi later the shook activity has almost cleared passage 0. sawe for so** weak

"ascooa" reflectioas of the recompression shock still evident.* surprisingly reflecting again off the

suction surface. It Is assumed that these weaker shook Luteractions would not have such effect on

the -boundary layer &tat*. but could cause macse of the oscaillaticos in heat trenfsfr noticeable only

is the *ases who Keel (the bar relative Plach Number oofreapondi~s t4 U ) is trAnsoni.

for the five times correapoadift to the Schiesa photerpbsh ahow In Fig. 7. prediat.ioa of the

wake poItiom wei calcullated.. Wh Meults of whioh a&e ahcm In fit. S. The wake itself is alsiost I-
dlmmasiosal. La Isorm, varying maInl An height wroe the span due to the 3-diaesuoeal bar geometry, eo
that 0e1y a I-4104elsioal calculation As necessay. The procedure follows that described in Dw~oors,

am ful auoae and allowiag for the spreading of the wake by using a width proportional to the

equ""r-root of the distance trhoa the beE along the lisa of Or*, with the eceat-at of Proportioaality

derived hiom a database Of waks asasuremseta. the pregiota procedure JA as faloliss
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(i) A prediction of the flowfield velocity is made, in this case using the Denton schemeS4 and stored

by the program.
(ii) U is calculated (assumed oonstant across the span), the center-line of the undistorted wake is

calculated from the specified bar position and the width added.
(iII) The wake is shifted back in time so that the .ar will return ro its correct position following the

marohing process of the prediotion routine.

(iv) From this initial position elements of the wake are oonveoted by small time steps using the local
velocity interpolated trom the predictiou until the bar reaohns the specified location. The

differential velooities in the flowfiold cause distortion of the wake along its length and across

its width as it is accelerated through the passage.

This simple sohems, which could be incorporated in t.he blade design process, agrees well with the

positions of the wake on the 9.ohlloren ph ot.grapha, so that t i " r:raotiuu of time that the heat transfer

rate to the surface is ax'footed bý t.he fka ;ould be o&, 7;-*'atd and fnoluded in the intertattenoy term of

a prediction. It also demonstrates that to the level of our measuring ability second-order effects such

as the enegative jet" effect do not significantly affect the wake position. as referred to in Doorlys'.

and that the issumption that this flow unsteadiness may be superimposed on the steady flowfield is a

valid approximation.

Ouast-3-Dimensional Shock Prediction

Although it was possible to model the wake in 2-dimenaional terms, the shook structure associated

with the transonic nature of the bar (as Mr.e varies from 1.06 at the hub to 1.25 at the tip) is not

strictly 2-dimensional. as has been seen in the Schlieron photographs (Fig. 7). An attempt was made to

predict the positions of the bow and reocpression shoL-k duo to the baM -o order to allow trajectory

rate oalculationo to be made relating to the heat transfer measurements. and to aic in understanding

phenomena obsrved in the Schlieren photographs. An example o? such a prediction is presented as Fig. P.

The prediction in based on the assumption that for a small element of the bar the flow is 2-dimensional

with respect to the plane oontaining Urel and normal to the bar axis, a quasi-S-dimensional approach

described in detail in Ashworth"l. As Urelvaries in both magnitude and direction, so does the associated

shook struoturoe and unlike the wake. this variation should be accounted for. The method of prediction

was oomputerised as follows:

(i) For assmoed cantant inlet conditions and a specified positioa of the bar Mre is calculated and
its direction determined.

(11) The equation of the bow shock In the i-dimensional plane described above is derived from N rel using

the method described in Shapirol", shook properties aid turning angles obtained by caue-fit

equations where necessary over a Pago of Hach Number from 1.0 to 1.5.

(iII) The recoepreesion seook is assaued to be straight and Inclined at the Hach angle (sin i/Nre1 ) to
the direction of Nre1, with a virtual origin two diametur downstream of the bar.

(iv) the shocks are chopped aud refrated if the- are downatreem of the blade axial leadilg-edge point.

with allowance made for regeneratlon of the shooc as it moves awny trca this point.

M tinily the points of intersection with the blade auction surface are calculated. and the socks
we simaly reflected reom as origin aid-,W between the two intersecCilo points.

-ompari•uc With the ohbliere• pMhto s 'a encourUain, the poSition show* in Fig. Corar ponding

to tiNe A $ fig. 7.. end it If Me that intformtioa fr.t this simpli••e•d model Will PrVO UGOt as as

eLd to 4erstwdinog the complex sbook movements in turbine passages, in #pit* of the many simliyinLg

mawtions made In this predis• • e •mb as allowing top n• variatlonat the reestiew v•m•boity).

It -Mas bea establi•sed dateir tbe oree oat this stWdy that the Iseetroeio Light Piston rtomel

: faoility ocmebled with the wide baMldthtighsa • Uiag rate beet teashtr laatrmeatatieea be&Omed

- -,* at treckivg:: yWerl d pn eaGM unsteady st a. tosa s•nta•,o hAOac USe. Opq-tig
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under. a simulated unsteady gas turbine rotor environment, sensitive detection and precision tracking of
transient shook, wake and boundary layer transitional events was accomplisbed.

A second major outcome of this study was the observation that the strong unsteady interaction of a
double shook and a simulated NOV wake with the rotor boundary layer did not have any measurable 'long-
teraw effects apart from the strong excursion in heat transfer associated with the actual pasaing of the
shocks and wake. The heat transfer, fluctuation levels were essentially unchanged far removed from the

disturbance (in time) and nearly identical at the rearmost measuring point except for a turbulent patch

associated with the shook/wake event itself.
The interaicton of the shocks and wake with the rotor establishes in more detail the earlier

observation of Ashworth et al .1 and Doorly and Oldfield& of strong ohanges in local heat transfer
coefficient. The tracking of the interaction over the surface could be followed with some precision with

the time resolution of the instrumentation used.
Predictions of the positions of both the wake and shook structures caused bj the bar ame sst

encouraging, as they are based on simplified models easily incorporated in the design process. unaike

many other methods Vhiob are to unwieldy for turbine designers to use. They both are based on

superimposing the unsteady structure on existing steady-state information. and as such a. -. well with
measured data.

This work has been carried out with the aupport of the Procurement Executive. Ministry of Defenoe.
and aleu. Rolls-Royce ple to whom the authors are grateful for permission to publish this paper. The
authors .' ,h to acknowledge the assistance of H. L. 0. Oldfield and K. J. Orindr-I during the
experiments. and to thank Dr. J. D. Denton for providing his time-marohing code. Professor LaGraff would
also like to acknowledge the rinanoial support of the U.S. Air Force Office of Scientifio Research under
grant number 85-0295 and the Division of International Programs of the National science Foundation under
grant n.mber INT-910940".
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0 RUN COND SYMBOL GRID WAKES

/4540 Mdes. + 2mn, no
4557 Mdes. x no ro

01
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siin
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SUCTION SURFACE FRACTIONAL PERIMETER PRESSURE SURFACE

TIE LI.. TIE

Fig. 3(a) Effect of freestream turbulence level on mean heat transfer rate without wakes for
the noumnal design case, 12 - 1.18, Re - 0.919E6.

0 [ RUN COND SYMBOL GRID WAKES
4540 Mdes + 2mm no

S4541 M des. x 2mm yes.

z

z 0 TIME ms1

15 (2.?

-10 -08 -06 -04 -02 00 02 04 06 08 10
SUCTION SURFACE FRACTIONAL PERIMETER PRESSIJRE SUlFACE

TIE LIF TIE

Fig. 3(b) Effect of wake and shock interaction on mean hoat tranefer race at the high free-
stream turbulence :ase (' 3%) and deelgn operating conditions, Inset are typical
transient recorder signals for the 16 bar eaperime.t at two a/e location eshowing
a I ma interval of the record together with 'he time-avertAed values vithout the
wake and shock interactions.
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?ls. 3(c) Effect of wake and shock interaction on zgan heat trenoler rate tot tu. 1WV frI -
setrea turbule•ce oae (< .8). otharrwisea. In yIS. 3(b).
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' RUN COND. SYMBOL GRID WAKES
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Fig. 4(a) Effect of incidence variation on mean heat transfer rate at the nominal design case
(M2 * 1.18, Re - 0.919E6) vith no vaka ead shock interaction.
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Instrumented Cascade Axial
Blade Pitch Chord

34.3 mm 34.82 mm

A .
C4

I T - -26 Ps 2: 1 = 45 P•s 3: T - 110 us 4: T 1 140 us 5. T = 170 vs

*Yb ' -7 mm Yb - 12 mm Yb b 37 mm Yb = 44 mm

Fig. 8 Predicted wake positiona at times corresponding to the Schlieren photographs in Fig. 7.
The two .Ies for each time are the leading and trailing edges of the highly turbulent
wake region.

Instrumented Refracted Shocks Direction of

• Photographs

Ref I PCO*eShok

Surac tlr0ak
Suctir ea Sh a om ck t la o Inlet Floa

pr

Bar' Ftation) Olrectton
Fig, 0 Predicted $hock postillon• tormateepon41YA to time 2 olf fig. wi tth rho bar Inlinedl~ at

o* to Its data position. Only tle halt of the shack* dowsausaa of the.bar are
aOwn for clarity. IMe rs"(wtiom and raflectloa of both ahocka eln be seen. with the
re-coe~r• olok shock vora -2-4sntiomI is torm than the detathed bow shock, due to
uU tf distauce variation with her veolttiva Math O Oer. oath shocks are Weeker
towrds ths h0b d to the lowr Hach Vuabor thato, vttb the bow 404 stnratb Ies"tt the c*-covet"~I" sback ew"Stb ot as uwb vaiu."
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3-16 DISCUSSION

P.Ramette, Fr
The wake is induced, in your experiment, by a bar with a diameter corresponding to the nozzle trailing-edge section,
which is symmetrical, while the nozzle wake is non-symmetrical. Consequently, you do not have the same gradients.
How representative of a nozzle wake effect is your experiment?

Author's Reply
The work reported here is the follow-up of work carried out on a different profile, with a lower relative bar Mach
Number, as reported by Doorly27. Prior to these tests, static tests were carried out by inserting a bar in a cascade with
NGV's mounted in the same test section. It was therefore possible to traverse both bar and nozzle wakes and it was
noted that the bar wake was quite representative of the NGV wakes. The larger momentum deficit corresponding to the
suction side boundary layer that one would expect to contribute to the asymmetry did not appear to be significant and
we assumed the same to be true for our cascade. It is worth noting that the weaker shock in the experiments reported by
Doorlyl- 3 only caused a boundary separation once the shock passed the leading edge of the blade. It is very interesting
that quite different results can be obtained from similar experiments with only a few parameters altered, the most
important of which is the shock strength.

"2"Doorly, DJ., "A Study of the Effect of Wake Passing on Turbine Blades", D. Phil Thesis, University of Oxford,
1983.

*
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THE BOUNDARY LAYER BEHAVIOUR OF HIGHLY LOADED COMPRESSOR

0 CASCADE AT TRANSONIC PLOW CONDITIONS

by

H. Hoheisel+ and N.J. Seyb++

"+Deutsche Forschungs- und Versuchsanstalt fUr ++Rolls-Royce plc., Compressor Technology
Luft- und Raumfahrt (DFVLR), Institut fUr Dept., P.O. Box 3, Filton Bristol

.,Entwurfsaerodynamik, Braunschweig, Germany BS12 7QE, England

SUMMARY

ý Fhe design of efficient blade profiles for gas turbine compressors can no longer be
effectively carried out throogh thp use of correlations of 2D-cascade data. For the des-
cription of the real flow field three dimensional effects have to be taken into account.
Modern theoretical calculation methods which involve the determination of blade profile
pressure distribution and the associated boundary layer parameters, are now becoming
accepted practice. However before the engine designer can have confidence in these new
methods the predicted performance must be demonstrated to be in good agreement with
experimental data. It is the purpose of the work reported in this contribution to present
an accurate set of experimental measurements of blade profile pressure distributiona and
boundary layer parameters under quasi-3D-flow conditions and to compare these with the
predicted performance for a high deflection transonic compressor cascade. It is shown
that for conditions near minimum loss incidence the agreement between measured and pre-
dicted values is achieved to an adequate engineering standard and that the two most im-
portant aspects, choking flow and boundary layer separation (IItt > 2.8) are well predicted.
Also the data presented could be used to further update and improve the current predic-
tion methods,

NOMNCLA~TURE

c chord -ui.w /v non-dimensional distance from

opI static pressure coefficient surface
a standard location of traverse plan.o density

h test saction height . shear stress
11,11,1132 boundary layer shape factor axial velocity density ratio

In logarithm to base a

ga Mach number
p static pressurt

toa prssr subscripts
ibi onyltionl .ilbeh i d l.
Re Reynolds nuaO r based on Inlet , 2 for quantities in front andbehind the cascade

P.12 IAynolds number based on 62 free stream, edge at botudt• y

s blatde spacing layer

t blade thtleies or oriteal. values
TUI 4 reeti of turfialttnuo at casade41 I loclal vilulli

p frictionless flee given tram
iX y rectangulart courdimfate meureamat p.O p(A)

V velocity pv frictionless flow given from
V4 -/W non-dimnsii•n•l velocity meatsuremet PI p'in -0 ) w
-.-- flow angl, and blade angle Pa prosslue side

tees fig. 6) 8S suction sids
to tbtitno a&le- .$ separation

"414 . -dtmpliiac nt am momentum thickkn*e TP trover" plmne, tt .poilt MWti
. total pressure loss coefficient t turbulent1 .0n. - - - - --to-b4.-.........l
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1 . INTRODUCTION

The design of blade profiles for turbo-machines is becoming more and more demanding
as a result of the requirement for reduced fuel consumption and more compact higher per-
formance engines. Thus blades with lower losses and/or a greater work potential are an
essential future requirement but these objectives must not be achieved at the expense of
mechanical reliability. The actual target for a blade design will depend upon the engine

* type; for a long range civil transport efficiency and relability are all important where-
as with a military fighter high performance and minimum engine weight may be the prime

* c.-Jective.. It is towards the latter performance that the work described in this paper is
aimed as the lessons learnt will, have direct relevance to the more lightly loaded but
higher efficiency civil target.

Blade design methods have until recently relied upon simple 20 correlations of cas-
* cade experimental results for the choice of incidence, space/chord ratio, deviation,

choke margin, working range etc. using blades with a geometric profile description. These
methods have many obvious disadvantages particularly since modern turbo-machines demand
blade profiles which are often well outside the limits of existing correlations and are
no longer adequately modellad by 2D cascade tests. Thus to achieve the best overall perfor-
mance a more sophisticated blade profile design method is essential. Such methods are now
available and they involve the determination of the blade profile pressure distribution
and an assessment of the associated boundary layer. In particular, in the blade design
process, it is essential to define a blade on which boundary layer separation is avoided
or at least minimized.

in setting up the mathematical model to represent the above procedures a large number
of assumptions must be made and it is therefore essential to check that an adequate re-
presentation of the real flow has been achieved. It is the purpose of the work reported
in this contribution to obtain comprehensive and accurate experimental data under quasi-
3D-f low conditions against which to validate the above blade design procedures and to
establish their suitability as an engineering design tool. The experimental target chosenA ~for this investigation was a cascade having a design point inflow M.ach number of 0.85 And
flow turning of 500 since this represents a typical requirement for the hub sections of
current compressors, (see fiue ) The experiments were performed on the onosen cascade
in the High Speed cascade -WrliidTuninel of the DFVR Braunschweig.

2.* DESCRIPTION OF BL.ADE PROFILE DESIGN AND PERFORMANCE ASSESS14ENT

2.1 Prediction procedures

*Modern method s of blade profile design are in general based upon the determination of
the surface pressure distribution as a stop in obtaining the related boundary layer cha-
racteristics. There are many such theoretical methods available e.g. Ell, C21, C33, C43,
which can range from a quasi-3D-time marching method with a linked boundary layer model
to a fully 3D viscous procedure. The method used in this contribution represents the f low
as indicated in fiffre 2ai(i.e. quasi 30) with an invisctd care, the characteristics of

'4which are datermin y tine marching methods described by Carrhar and Kingston 120). The
boundary layer is represented an described below. Tito time marching technique integrates
the time dependlant equations of motion with respect to time until a steady state solution
is obtained, The equatiottm Are solved in a finite volume form using a grid of quasi stream-

* lines which are intersectod by pitchvise lines-typically 20 quAai streamlines and up to
100 equally spaced pitohwiso lines are specified. This time marching calculation is used
Iteratively with tha boundacy layer calculation which, whent 001bined WItI the blade profile,
define* the effective flow boundary.

* .1An aspect of mnajor importance is the variation of stream tubg thick'ness at all sta-
tions axially through tile Cascade. This variation in stream tuba thicknass V tile Axial
direction, can have any specifivd variation although for the predictions discussead below
a linear variation as shown in- figure 2a has been used. Thto real axial variation of
stream tube thickness 13 4ifficiult to determine 4xpirimentally, but theaortical invostl-
lations repoirted by Stark/H1oheisel C51 showed la possibility to define the axial velocity
denmity ratio 4 for comparison of predicted an oatiured results, These rdoults are *up-
ported by 30 invisoid time marching calculations for the cascade considered in this con-
tribution., 7qubri2b demonstrotos a comparison of results obtained by the two different
c mthoda, fo-r t1Wrn-Lpressible ftow condition by the method of C51 and for the Actual
M~ach number of Kea NO.6 using a 31)-time mArchinq method. The aere~ssnt of the to called
*trafbtiloh fluncto it1 very good and confirmis the dominant influencs, of the aspect te-
tio of the blade, he vag found in (6) no Mach number influence for Ma 10.4 can be Woen-

a ~tified frowthe present resuha. . It will be noteI that thewe it an approxim~ate linear
variation of stream tubs thickness from Inlet traverse plane to exit troavrea pl~ae for~
the itiveatigated ceascade uhic1a Us a blade aspect ratio of h/c 3.7S.

2.2. boundary layer method

* The "sassment of the boIOn~ary layer characteristics to the main objective of the
,auleulatione as it is only in this way that the blade performance can be lUdged. An essen-
tial point of this *#sessaet is$ the deteraination of the eh,4ngo "point' between laminar
aind turbuleiit boundary l~kyats and the manner in %blodb the. bottadary- lay"r remote at thisl
Point. There ane basicawy titre poasibL.Uties
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)(i change to a turbulent layer without separation (transition)

(ii) separate and then reattach immediately as a turbulent layer

4i11) separate completely or reattach after a significant bubble.

The transition and laminar separation prediction methods used are based on the correla-
tions shown in fi re3. Concexning the transition, these correlations account for local
values of pressur gradient A, laminar boundary layer state Resq and local turbulence
level C73. Figure 3b is used, when laminar separation is predicted, to determine whether
or not reattachment can be assumed to follow iamediately or complete separation is the
more likely event. This curve must be ,,considered some what speculative as it contains only
the local pressure gradient and boundary layer state just upstream cf the separation
point, where as other parameters such as turbulence level etc. could have a major influ-
ence E83.

The methods used to determine the turbulent boundary layer parameters are those of
Truckenbrodt C91 but with two changes. The first being that the numerical constant "A"
in the momentum thickness equation given in 173 as

r x/c6 2 (w)-3 +0O 7/"6[ W 10/3 6/7

() [Ct +(0~.037 )76  03d(x/c)j / (1)

has been increased from A = 0.037 to 0.07. The value ct is given as
3w"] 7/6

c t ['2(wt)3] (2)

The second modification is related to the subsidiary shape factor correlation

i = f (H12) (3)

The method relies on a relationship between the calculated subsidiary shape factor H and
the shape factor 1112 for the determination of U12 and 62' Preliminary predictions for one
experimental test condition indicated that the original curve of figur underpredicted
the values of 112 (and hence 6I) and that a revised curve resulted iNIiiuah bettor agree-
ment with the present experiments. This revised curve was then used for all the subse- I
quent predictions.

The invisoid-viscous interaction model described will thus produce the boundary layer
parameters at the blade trailing edge. A method, which follows Stewart's analysiv C102,
was then used to compute the mean outlet air angle and the total proesuro loss.

3. EXPERIMENTAL INVESTIGATON

3.1 Apparatus and cascade goomtry

o The experimental investigations ware carried out in the H1igh Speed Cascade Wind Tun-
nal of the DFVLR at ltraunchwveig C113, now In operation at Munich (12), C133, The tunnel
was installed in a tankwhich could be evacuated from I to 0.05 bar (see fiure 5). An in-
deopendnt variation of Mech number And Reynolds number was possible. The de'ro oe turbu-
lento was minly Tu a 4 It and could be achieved asint sride of crossed hare up3tr0 m of
the cascade (14). Only some investigations ware carried out on a lower turbulonce levelof about Tu1 l using no grids. -The tunnel had a test section width• of h '6 300 am and aft
adustablQ hoeiqht of 250 to 500 a depending on the inlot .angle.

The in~vetigations were carriod out on a go called *V2 double circular arc blade" do-
signed to achieve 500 of deflecto|on at an inlet Koch number of MAI1 0.85 (fjgr.6) . Toe
coordinates of the blade *hape erae given In tableo1, with a chord-of o-80 t resulting
inn ahpact ratio of h/c- 3.75. Waketravorse aatsurMcwnts (total pressure, st~tic proa-
sure and outlet flow inqlo) at midspan position voe parfo'meed "ith a w•Vde typo probe
C11) located at 30 lof chord axially downstream of the blade ti'ailing edge plans. Surface
preovure distributions also at midapan position were *Aohsured usinq static pressure tap-i pin v on the auction and the pressure aides of •th blade* adjacent to the contro blade.

Boundary layer measuroponts at midipast position of the blade were carried out at
difterent position of the blade auction surface and in some Oases on pressure surface
but neat the trailin WOOe only. These boundav- layer maosurtmntm wre done using a two-
." lner probe speial ly dov*el6pd fot boundsry my*rr owi .ront. of tht hifhly leaded
cimpressor cascado V2. The probe measures the static pressure up to a walt ditaanc# of
13 "an, the height of the flattene Pltot probe afounts to 0.15 P. The probe was 0all-
w-ated for Mach• and Kaynoldo nu~mir, flow anyle and turbulence level. Corrections veto

Ledio from these calibrations on the. basis of a cotVarlson with flat plate experimeente
a1m sad vith meaturm•asts by a laser-b pler anamioaiter trspectively t•63

C sarge. In AVDR through a Cascade ton be obLa$•ed by varying the Amount oa air Te*-;
moved thtrough porous side Wells. TWo aids vstl c'onditios Vote aplied in the present I'n
vastigatitA' solid iad porous (aketol 8ý In till. 6). wise appiylng flo9treat sid3e WMAl cou-



conditions it is necessary to achieve the same stream tube contraction at midspan of the
cascade. To control this, the pressure distribution on blade surface indicates the local
variation o'f stream tube thickness. However, under certain circumstances the axial dis-
tribution of stream tube thickness can have a dramatic Influence on cascade performance
as evidenced by prediction and test results respectively. After a series of careful cali-
bration tests sufficient agreement between the solid and porous side wall conditions on
the mid-span blade pressure distribution has been achieved. F demonstrates two re-
sults for the case of a subrritical and a supercritical flow-co-nit on respectively. Only
very small differences especially in the front part were observed. Very good agreement was
achieved also on inlet and exit angle for the two different side wall configurations.
Further discussion of this topic is given in reference E53 and C63.

3.2 Data evaluation

The wake data were evaluated by transforming the non-homogeneous flow in the measu-
ring plane into an equivalent homogeneous flow by applying the laws of conservation 173.
This evaluation leads to the total pressure loss coefficient which is defii,ed as

Pol - Pc2 (4)

pV 1 - P1

the turning angle

AB B= 6 B2  
(5).

and the axial velocity density ratio (AVDR)

P2 . w2 -sin 82 (6)
Pl"Wl " sin al(6

In quasi-threedimensional flows with axial velocity variations shown in fig. 2b, the re-
sults depend on the location of the traverse plane. Therefore, they are regarded as local
values (index 1). Final values at upstream anu downstream infinity respectively may be
predicted from the local values using the transition function (see fig. 2).

For the pressure distribution a non-dimensional coefficient is defined as

p(x/c) - P1cp (7)
PI0 Pol - p

The boundary layer data were evaluated applying a new definiton of the integral va-
luss C181, which takes the varying static pressure within the boundary layer into account.
For this method 'called evaluation C3* the displacement thickness is given by

(81
\P o * ke Pw' pw ,. wPW

and the mmo atum thickneos

•2 OPW . Vp P. I,. 'p

Under the assumption of constant atatic pressre acroas the boundary layer *called evalu-
ation A* the *qua. (8) and (9) load to the standard definition, e.g. for the wmentum
thickness .,,.W WO,..o

0"

The degree of tur•belnce in the inlet plane ti defined as

TV 1  . (i,

-A-re w to the fluetuatlagi voloeity cosoporent in the.direction of wtoained from a'
*Inglis At-vir. proba: plaod nortal to the iree atro* velocity.

3.3-

A comprohonsi.v test progIrAmu ccsprisint wake asd pressure distrition wacuro~nts
for a nusibr of inlet angles, Mach nuwsere and AVtiR-valuas lead to the cascade ivrfor-
vane. KtqSeg.a dQ#nstratea the inf1uafce eOf &VVR on turitng angle a 1 los fi e~kent
tot dif•3iffit-Mach aumilm at onstant- inlet angle. for the design Ka•h nuabert -O .-0 85
U#the 0a441a 1046 Villl be lhtWevd at a M 1 condtCtdo=i Of 9eLatively toigh ecleat1a. "
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which characterizes the performance of the present cascade V2. This loss characteristic
is the result mainly of the suction side boundary layer behaviour as shown ir figure 9.
in this diagram the regions where separation or choked conditions occur are _mak-d
Similar plots of the loss coefficient at different inlet angles lead to the cascade pei-
formance plotted in fitguro 10 as loss coefficient versus inlet angle at the constant Mach
number Ma =0.8. At ~hs ih Mach number the inlet angle for minimum loss will be
strongly influenced by the AVDR-value. Taking these effects into consideration the bound-
ary layer investigations were undertaken for the following flow conditions:

1. Mear maximium deceleration w 2/wl (stalled condition, %min)

2. At minimum losses, mi

3. Choke separation, 0 max-values.

The boundary layer test programme can be seen from figure 9 at 0 -49.5 0, and for differ-
ent incidence angles from figure 10, where the inlet angles are klarked by arrow. Only
boundary layer results of the suction side will be presented.

4. COMPARISON OF PREDICTION AN~D EXPERIMENTAL RESULTS

4.1 Influence of pressure gradient on boundary layer

As mentioned before two different data evaluation methods were applied to the bound-
ary layer measurements. Fi ure 11 shows for an arbitrary test condition the boundary1~> layer velocity profiles ongge suction aide with constant (closed symbols, evaluation A)
and with variable static pressure (open symbols, evaluation C3) within the boundary layer.
The variation of staifio presqure (diagram B) yields higher nondimensional velocities com-r pared with the evaluation taking the wall static pressure as constant throughout the

F., boundary layer. The main reason for this is a lower reference velocity at the edge of the
boundary layer. Therefore, the variable static pressure can alter the integral boundary
layer results up to 15% . The corresponding devitation of the integral values for some
cases of the present boundary layer investigations can be taken from table 2jand 3 respec-
tively. For comparison of the measurements with the prediction, test dtfrmevaluation
C3 (variable static pressure) has been used.

4.2 Influence of turbulence on 'transition"

In the test programme a wide range of tost conditions has been, covered, see section 3,
in order to obtain the total range of boundary layer conditions. Figue 12 illustrates
the effect of two different inflow turbulence levels (4 % and 1 5) Tor two iferent Mach
numbers. Using the methods of section 2a lawinar separation followed by immediate rest-
tachment is predicted (indicated by the arrows) and this is nearly consistint with the
experimental results for the cage of high turbulence ('V ). At the lower level of turbu-
lence some form of laminar separation bubble appears to' exist causing a deviation in~ the
pressure distribution, Thus it is concluded that turbulence must have a significant ef-
fect on the existence and extent of laminar separation bubble# and must be included in
any bubble prediction correaltion. if a laminar separation bubble exists the correla-
tions of transition are rather uncertain, as was found on turbine cascade investigations
C 193, thorefore further experimental data are required to achieve more conf idence in
the prediction of transition.

4.3 Surface pressure distribution and boundary layer parameters

Fi o~re 13 shows a comparison between predicted and measured blade surface prosurd
distrbu~tidiifor three inlet Mach nuttibers near minimu~m loss operating conditions
WI - 1.20, fig. i 3a) and for a higher deceleration rate wl/w. (A* 1.200, fifi. 13bi) rotipeu-
tively. The comparison is shown to be acceptable, with the e~eption of the leading edge
region on suction surface at stipercritioal Inlet Hath number. There. the measured acoel-
oration Is shifted upstream presumsably because of different stream tube thickness bet-~.. swon meamuted and predicted flow condition.

The measured boundary layer velof.ity profiles at the wuso flow conitos as the
pressulre distributions are shown in tigurt 14. It will be seen that for all Mach numbers
boundary layer. separation occurs at ni * 7_,0 s~A~ewr* between 88 5and 98tchord. This
behaviour is in agreemenu with the mastufed pressure distribution result*. The beginning
of the boundary layer iteparation at al- 1.20 is lim~ited to 981 chard.

The predicted and mueasured local boundary integral values at the same flow conditions
also shown to be Accepti-519 TNttho design Mach number ?tal -0.8S higher aomentum thicki-

nesses, are Indiqated compared with the predicted rosults. In the prediction no shook~
boundary 14 or interfersenc is considered, which carn be assumed from the measured pros-
surs dittribution. eon In figure 13 and schieron. mjAsurabont not shown here. That* ro-
suit# when ccopared with the inormation of figure 14 andicate that turbulent boundary

* * ~ !lyer separation will occur at shape factors n12 in soess of 2.8. The presented bound-
ay layer data are only a sselection CC"o the total test proqratfte but tuygve con! i-

danco in the prediction method used.

It shiould be noted that all the predictions carried out obave were, made at design to-
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ciderce and near minimum loss conditions. However, it is necessary, when producing a
blade design for engine applicatian to determine the operating range in terms of inci-
dence capability and flow choke margin. For the highly loaded blades being considered in
this contribution considerable difficulty was experienced in achieving acceptable predic-
ted results at those off design conditions. The discrepancies are generally a,.cepted to
be due to the inability of the time marching methods to adequately model the flow when
large local variations in pressare gradient exist and the boundary layer procedure to be
a realistic representation when large regions of separated flow are present. Some experi-
mental results for these off design conditions are included in table 3.

4.4 Overall performance

The predicted overall performance in terms of trailing edge boundary layer parameters
and total loss coefficients ts compared with measured values in figure 16 and 17 respec-
tively for a selected number of test cases. Taking into account that this is a very hea-
vily loaded cascade a reasonably good agreement is illustrated except near choking con-
ditions where the predicted losses are seen to be lower than the mei,3ured values. in
these cases shock-boundary layer interaction and the stream tube height both have an im-
portant influence on the measured and predicted results. Thus at high transonic Mach num-
bers an accurate 6imulation of the shock/boundary layer interaction and local flow con-
ditions (AVDR and inflow angle) must be specified. The choking flow Mach number is howe-
ver predicted with reasonable accuracy because the throat is near the leading edge where
the influence of local AVDR and boundary layer with respect to the overall performance is
small.

The predicted losses of fig. 17 reflect the error in the trailing edge boundary layer
parameters 6. and 62 shown in fig. 16. For example, in the case of 0.6 Mach number both
boundary layer parameters are underpredicted at low AVDR and overpredicted at high AVDR.
The result is that there is a change in tendency in the calculated losses when compared
with the measured values. However using the measured boundary layer parameters for calcu-
lating the losses results in a tendency in aqreement with the measurements. This example
shows the sensitivity on these flow conditions.

4.5 Additional boundary layer analysis

The velocity profiles of turbulent boundary layer are described by the 'law of the
wall'. Checking this behaviour on some of the present results, the influence of Mach num-
ber is shown in 1 u 18. As an important statement can he drawn that the wake rogion
starts aarly compare w th results without strong pressure gradients at n+-valuea In
excesu of 100, and no Mach number influence can be observed.

The method of Truckenbrodt C93 with some limited modifications, as described in see-
tion 2, has beon used for turbulent boundary layer calculations reported in this note,
There is however the possibility of using the moasurod data derived in the experimental
programme to investigate whethelr improvements to the method are possible. In this inte-
gral boundary layer method it is assumed that there is a unique relationship between the
shape factors 13, and 111. The current experlmental resultu are plotted in f 19 to-
jether with the eurve by Truckenbrodt for incompressible flow condition. Th"ex r mental
data In the upper diagramme show revults at design incidence on different Iach numbers
and in the lower diagrmme at a constant Mach number of Ma -0.8 for diffeoent Inciden-
ce@, The data correspond to different choWd positions x/l Ind Q-values for the attached
turbulent flow conditions aeA lie clearly above the theoretical curve. A better rproesen-
tation of the present test results could be produced by

H4 I112 .4
"31 )RI-7--7T 0. o1 • aa

1212

A comparison of this equation with the test results IA shown in Lau4Q. whore the in-
let Mach nu•ber was used to correlate the experimental date vi thaqI7t12j.

Further the Trrckenbrodt owthod relie oi the substitution of the subaidracy shape
factor L defiaed as

1132 dHi3l

L - In~ ( - (1))

wher Ite is the value for flow with 2ree pressure qradient. Subetitution of equation
(12) LIrW13) then produces a relatiotship betweeni H1 2 and 11 or R and it and this new

dependenoce is plotted for dU.fferent values of l1. In L 1 and is cUparod with the
revised curve used for allboundary laetCerieu.lettong report•-in this contribution. For
tur~ul nt boundary layer a mean vallue of Iltj. a 1.3 is gefterdlly. In use. The preso.jt to-
lults a:e bgtter cotoelateW by A value of U1 2- 1, 4 whiCh leads to the ralsitoaahip for
the CAe of Raw,0

___ 141

32'~

42 ____
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The constant 0. 875 chan-es to 0. 816 if H1 2 -=1 .3 is applied. The new relationship H1 2 (H)
shows a small influence of the Mach number which wgas not consilered in the present method.
Furthermore the new function is uot identical with the revised curve used in the present
investigation, but for attached flow (H,2< 2.8) the differences are small. The above dis-
cussion of additional boundary layer anal3Fsis is included to illustrate that the presen-
ted experimental data could easily be applied to derive improved boundary layer predic-
tion methods for high subsonic Mach numbers.

5. CONCLUSIONS

The contribution describes theoretical and experimental investigations of the bound-
ary layer and loss behaviour on a high turning DCA-compressor cascade to achieve 500 of
deflection up to 0.85 inlet Mach numbers. The objective of this investigation was to ob-
tain detailed data to check theoretical blade profile design methods which are being de--
veloped. Fcr the present investigation a time marching method was used to predict the
blade pressure distx,;bution. This was iteratively coupled with a boundary layer integral
mnethod to predict the boundary layer integral parameters and the total losses. The expo-
riments were carried out in the High Speed cascade wind Tunnel of the DFVLP Braunschweig
to obtain the cascade characteristics and boundary layer parameters. The Investigations
led to the following conclusionat

1. The predicted blade presrju,.. distributions and choking flow limits are in good
agreement with the experiments near design inglow anglos.

2. In the case of good agreement between predicted and measured pressure distribu-
tion, an acceptable agreement can be achieved between the predicted and measured
boundary layer parameters.

3. The boundary layer measurements confirm in principle the boundary layer integral
mtthod used. From these measurements a modification was derived which gave0
adequate agreement between predicted and measured boundary layer parameters up to
0.85 Mach numbers and thus permitted the determination of the turbulent boundary
layer separation (H12 > 2.8)

4. The theoretical method used in this invostigation is unsatiufactory for porfor-
mance Assessment at conditions remote from the design point operation.

5. Tho presentedtexperimentAl data could be Applied to derive improvad boundary layer
predicti~on methode at both dosigii an. Off (146si9A conditioRs.
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X/c yps/C X/c YSS/C

0 0.0049 0 0.0049

"0.0003 0.0033 0.0014 0.0082

0,0012 0.0017 0.0020 0.0087

0.0020 0.0009 0.0054 0.0112

0.0040 0.0001 0.0120 0.0156

0.0066 0.0003 0.0254 0.0244

0.0103 0.0018 0.0355 0.0309

0.0196 0.0034 0.0665 0.0493

0.0242 0.0071 0.1017 0.0683

0.0335 0.0106 0.1341 0.0840

0.0662 0.0222 0.1672 0.0983 Tab~ e 1:

0.0992 0.0329 0.2007 0.1113 Profile Coordinatei (nominal)

0.1325 0.0428 0.2348 0.1229

0.1660 0.0519 0.2655 0.1320

0.1997 0.0601 0.3004 0.1409

0.2336 0.0674 0.3317 0.1576

0.2677 0.0738 0.3672 0.1538

0.3020 0.0793 0.3989 0.1581

0.3314 0.0834 0.4348 0,1615

0.3659 0.0873 0.4667 0.1633

0.4005 0.0903 0.4988 0.1639

0.4351 0.0924 rL/c - 0.0049

0.4698 0.0936 L 0.0049

0.4995 0.0940 rT/c 0.0049

. 7 4 1 ) SI -'

1 4s to s 0. ~ 0 : So I Ott 1. 4 ) , * " . t 04

3S2 0.74 0,115 0,471 I 3,.44 1.)) 0434
3334"-'-4" I1,t 0.04 31,344 0.434 0.304 3.0)0 3)30 4304

00 042 0,476 0,47% p.73 M 334), ____
to4 IS "1 0 : 4 I.MJ ),If|$• 4

;14 0,:4) 0:,44 0.42 I.04 3.400 4
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0 > IvcinX SMEOING 33( COMPRSSOR BLRDI VXUS

A.Rl. Epstein, J.B. Gertz, P.R. Owen and N.B. Giles

Massachuets nstitut ofTehnology

__ the waken of highly loaded axial compressor blades have often been considered to
* be turbulent, unstructured flows. Recent work has suggested that the blade wakes are

'~in fact dominated by a vortex street-like structure. This paper reviews the work on
wake structure at MIT, presents the results of a viscous numerical simulation, compares
the blade wake vortices to those shed from a cylinder, and discusses the implications
of the wake structure on compressor performance. in particular, a two-dimensional,
time accurate, viscous calculation shows both a periodic wake structure and time
variations in the passage shook strength. The numerical calculations are compared to
laser anemometer and high freqiuency response probe data. The effect of the vzake
structure on the entropy production and apparent adiabatic efficiency of the compressor
rotor is discussed.

1. INTRODUCTION

Although bluff bodies and low speed airfoils have long been known to shed vortices
iiita their wakes, the Wakes of high speed, high Reynolds number turbomachinery blading
have generally been considered to be turbulent and unstructured. Usually, the wake ia

*described only in terms of a time averaged velocity profile. This is consistent with
the view that, assuming uniform inflow and excepting turbulence, the flow in the frame
moving with the compressor rotor is uniform and that variations observed in the at&-

* ~tionary frame are primarily due to blade to blsde geometric differences. This view,
however, is erroatous in detail wi-th practical import for compressor design.

There is a considerable body of experimental e$ar which shovst 'hat t~:.t tr~i71'in
edge airfoilS typical to turbines shed vortex streets (1), E211 (3). Recent work has
shown that a rimlar phenomeno maV occur in sharp trailing edge transonic comprassort,
A4 well (4).

if we #vsume for tho m~ownt tjast high speed compressor blads wakes car. consist of
a vortex sireeti-liko structure, then a number of questions immediately lbecoise relevant.
These includet 4a all blade wakes contlin votticosi why ar* the vortices rarely
observed experimentally, how *rip the vortex sit eot. formod and what is their atructurejt
and vhat is the practical Wv~rtatwe of the wake structure to the compressor designer?
We will address the laat questiich firtt so as to provide a grounduork for the discussions
which follow..

tof~ the .cefttxt of high officiency, high verortorimea tranbonic coakpressors and
fans, th* influence of the vskae temporal and spatial structure for* a given time
o vorasped velocity liefet can be surprisingly largo. The wake stvuctute can influence
the comptresor aerodynamaics. ncisv, and structural Integrity. vortex shodding
decreases the blade row efficiency (higher base draig end shock loss, increased
unsteadiness) andinduces, artifacts In stAndard 0eaSUremtent tonheiqueS. An int'Veased

* svel c4 unst#4diftess Into following blade tows can Increase the lcss there and alter
the mass fiow characteristics, indepandattly of uhether that blade row is itself
shedding vortices. "ae Interaction of the sihed vortex street with subsequent blade
rows Is also a sourc* of noise. Obviously, the unsteady loading due to the vortex
street# &Md xelated phenoena cafn have deleterious effects an the ttrktcturai Integrity
of a tomrotsor when the atrodynox~ic excitation frequencies coincide vith those which
*-to structurally important. The blade wake. sttuc- ure also influences com-pressor d44igo

* andA analysis In that It represets a physical phenomenon not usually modelled (either
because the analysis is Invilseid or steady stAte), Thus, the design intent. may not
represent a phyeically real iablo syste..

This paper Is an extnstor. of previous work in which the presence of vortex
street* wasn Intett*4 from emperimetail poeasuruer arid. their of feot ot. the Mlade shock
system diecUssed (4), (51. :*x vr e review that vork, discuss the effect* of vortex
stseets on 0Ae toesAerture distribution within the fl&w. note the Intluctr* of the vak#
atgttuate on conventional. strodyn"asc parforisAnfe measurowients, present the results of
anebhinieio numerical suiultl*eshvt a ti' baVior, and suggest artas for

flow visual'statkon studies have de~o"istwatod the existenco of wrtts, streets In
the -wakes of trtasonie flat plate end tiarbira. airfoil cascades 111, (21, (31 but,
#="W4in tMe spsik-16 eas, of acoustio resonance eanne-id shedding (6). 071, sheddir4
In high Speed 2cezsrsoor airfoils had not been oneclusivewly reportod. got wig*
osasuteoents In the uekss of controlled diffusion airfoll causades rieldsd ambbiguous
reslmts (51 taith 00. oundigeiretion shuwing evidenceA of peaiodialty 16 the %ake While
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another did not. In the context of hydrofoils, Blake (9] suggested that all bodies
shed but may do so in a discontinuous fashion, i.e., shed in bursts. Lack of phase
coherence between the bursts would then tend to obscure the shedding when examined with
spectral analysis techniques. This is consistent with the observation that the least
ambiguous information has been instantaneous flow visualizations.

Time resolved measurements in the outflow of 3 transonic compressor rotors opera-
ting near the compressors' peak efficiency points revealed high frequency (3 to 4 times
blade passing) total pressure and temperature fluctuations of substantial amplitude in
the core flow itween the wakes, as well as large fluctuations in the wake strength of
any particular blade (5], Fig. 1. Similar observations were made in three different
single stage transonic compressors in three different test facilities using a variety
of high frequency response probe types (11]. The machines differed in design intent
(both commercial fan and high spead military designs were included), but all operated
at high rotor efficiency (above 90%). The outflow of all three rotors demonstrated
similar types and degrees of rotor relative unsteadiness, the unsteadiness being maximum
near the design or maximum efficiency operating point. This indicates that rotor
relative unsteadiness is a common phenomenon in transonic compressors.

A laser anemometer physically measures one or more components of the instantaneous
velocity at a point in space. Because of the relatively high level of turbulenco
common to turbomachinery, the instantaneous velocity measurements are usually averaged
and the result presented as the average velocity at that point (Fig. 2a). The velocity
statistics at the point can also be examined however (although this is not commonly
done), and can be presented in terms of a probability density distribution (PDD), a
histogram showing the number of observations made at each value of velocity. For a
turbulent flow, the shape of this histogram should be Gaussian. Laser anemometer
measurements in the vicinity of the passage shock have shown a bimodal velocity distri-
bution indicative of a shock moving to either side of the measurement point (10).
These observations were explained in terms of small (0.5% of axial chord) motion of the
passage shock about its mean position. Vortex shedding in the blade wake was advanced
as a possible driver of this motion IS).

Subsequent laser anemometer measurements in the rotor wakes revealed that the
velocity distributions ware bimodal there as well; te., two velocities were equally
likely with almost no measurements observed at the "average" velocity as it would be
normally derived from such data (4), Fig. 2. Simultaneous time resolved temperature
and pressure probe measurements in the rotor outflow showed unsteadiness relative to
the rotor at two time scales. One was the high frequency disturbances metitoned above,
The second appeared primarily as a modulation of the wake flow with frequency components
on the order of 1/2 to 3 times shaft rotational speed. This modulation could not be
explained in terms of blade to blade geometric differences since the fluctuations were
primarily aperiodic with rotor rotation (end thus not locked to the geomtry) and were
several timea the magnitude of the periodic disturbances, A striking feature of the
disturbances themselves vas the large total temperature fluctuations in the wakes--
:2-5% of the sean total temperature (i,€., l0-20C)--indicating local regions of
intense cooling and heating. The Instantaneous adiabatic efficiency calculated from
these measurement sh owed a concomitant variation with some local regions appearing as
over 100%. Thete temporal fluctuations and laser aneometer measurements were
explained as resulting from a vortex street structure to the blade wakes. The wor
100% efficiency observations have yet to be explained.

3. D UIPVIMS 01? %U InA %sAn SW vMU MW

In the previous work, the wake was modelled at two staggered r*otilinear rout of
Rankine vorticec of opposite sign in a uniform fraestram (II!. The vrtices cons•i•t
of an inner region with a foraed-vortex core and an outer region following the irrota-
tionali flowfield of a classic von ItarmAn vortex street. This model was fit to the
laser ana•emmter data so that tie tbJw averaged velocity prof ile and the statistical
distibutilot of velocities Ithe probability d*niety distribution) in the wake vwold
match. The vortex site and strength were adjusted to fit the velocity profile while
the ratio-of th steau vortex spacirg (A) to the distae between vortex rows to)
detemtined the V4locILy statitiIcs (see PLq. 5),

As Can be seen in Fig. 3. the model fits the data relatively well, which Is a
onneistency check. lhe aodelprediction of a se*dding frequweny of ItZI Meka i quits
clase to tho 14-15 ka inferre from the core flow pressure Flturations. Furthermore.
the *o4el teiALy explains tho high level of fluctuations observed in the wake with the
high ftaeaency raeponse probes. This is at artlfact of samplint caused by the random
position of the vorticas in the wakes ai the eotessaeor tevolvee pact the probse Ioca-
tion. Figure 4 o~ae the absolute frsim rotor oUtfiow total presreut fluctuation
ptedicted by the •m•el with WSAiuraosntS.

Whilim the vortex str-et mode) in (111 4.,,e a good , z, emplaining Many of the
esperimantal obeetvaieto•, it is a static wmdelo describing thie web state dnly at a
particular ax&al statie. Thu&, it ctntains no information 60 the vortex formation
ptocets, Its e6Olution or deciy. At tis U.0 ve knbw of *a Poblisudd awalytical model
des"iing tuin poess is detail.
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4. DMWUC BMW RUI•STRIBUTICI

One of the more interesting implications of identifying the structure of the wake
of a transonic compressor blade as containing a vortex street is that the unsteady
pressure field in the blade relative frame can redistribute thermal energy. The vortex
street propagates at a velocity different from that of the mean flow and entrains fluid
into and through the wake. As the entrained fluid passes through the pressure field of
the vortex, its total enthalpy can be changed. In essence, the vortex street can be
thought of as an array of tiny turbomachines[

The dynamics of this problem have been addressed by McCune [12] with a straight-
forward unsteady energy equation analysis. hie shows that the pressure field fluctuations
from the vortices change the total temperature distribution in the fluid and that this
effect scales with the square of the freestream Mach number. At Mach 1, the vortices
are predicted to produce a temperature fluctuation of 3-5% of the freestream total
temperature, quite close to the observed value. This scaling with Mach number explains
why the effect was first noticed in a high speed machine (tip relative Mach number of
2.2).

Kurosaka at al. treat the problem in terms of the general Eckert-Weise effect [13]
in which the recovery factor at the rear of a shedding right circular cylinder can be
negative and the wake centerline cooled to below the freestream inflow value, showing
that this is the result of vortex street behavior (C4). A key point is that this
cooling by the vortices is observed with steady state instrumentation, i.e., the
average centerline temperature is depressed. There must, of course, be a concomitant
increase in total temperature in the surrounding flow outside the wake. Kurosaka also
demonstrated that the vortex shedding and temperature separation can be significantly
enhanced with acoustic feedback, essentially extending Acoustic resonance work to
include energy separation (6], (7].

The intense, localized hot and cold spots generated by the vortex street explain
the large, abrupt temperature fluctuations observed In the time resolved total tempera-
ture measurements of the compressor wakes.

5. UAMI SITUCTB IFFM (ON APPARMIT CnKPR1S= KMICIVAM

An earlier work on high frequency passage shock m:otion driven by vortex shedding
identified three mechaniwms by which the loss In the compressor could increase (C).
The first is the increase In entropy rise across a shock wave undergoing small "eriodic
saxiAl motion compared to that for a steady shotk at the same average approach Mach
number. This change was quite small. amounting to only a 0.1 to 0.2 percent decrease
of adiabatic efficiency in the rotor studied. The second loss source was the small
stale nonuniformities in total pressure generated by the oscillating shock wav. In
this case, it was assumed that due to the small spatial extent ot the perturbation
(I1I8%/4 chord), the anthaliy would not be recovered so presure t'rse in the diffusion
proess In the stator but rather appear *g a ixing loss downstream. This lose vis
calculated to be ot the same order as@ the. wakem mising lots, about It (10t of the total
measured stage lose). The third loso mochanito is the apliflcation of the spatial
noeunu-ormities In the stas• out•flov. discussed abov4, by the shok sygoe3 in a
follawing. transonic stage. This lces was estimated to be a to 3 times as QreAt 44 that
in the first stage, L.e., 2 to ) percet of stage adiabatic efticienoy.

In this section we wish to disoUts not saditiofal theLsodyiknse lOse mechanisns
(1,e.. production of entropy1. but rather apparent losses, #4,tiftct: indj,csd in the
ftlsuree tprde#•os and thuir interpretation by tho p•eolo•i nature of the wake
structure. If nor properly accounted for, the4s artifacts can result in an ertocoous
estimAte of Comptsesor Pecforuance.

Mutore doing so, however, we with to point out a siople c-irlosLty. Adiabaticofficiency is Often used to express turbt-eahint less tentropy production). In an

utstorA. flow, howver, te change Af adiabatic efficieoy a wt be congruset witb
the eat%00y production. av it m*t in a steady flow.

TO illustrae this, ve will define the local adiabatic efficaney, ,, in the usual
oanner reltting th* total pressure, Pt. 60d total tratetsme, T%, ratios in the
abAOlute IUbo*tnory) fr*ae 46 fo110.,

where tho subacripts I AMd I dsr-ote otatio"S ur;&tre.t.. an d-%MstresAs or the rotor blade.
Station I is &%4%A14d to haV* uAiform 0Cc~dtOA LOts total t0kAsqAsrrgit* - ptessUr* as
would be the case with the first sts. otf 4 ouerassao. Station 2 tcosiats oa a
fffeA~tgeAh reg9&n with the bledv wakos rtptseescatd by vortax streets as mmdeiled in
1111, Ultb the total pt*aaac &and toeepaztwearsotouts as sahma in flog. 5 a&d 6. The
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change in entropy, S, from static~i I to station 2 may be expressed as,

P )/o t '1i abs (2)

Rt-1a b s
This can be aeon in Fig. 7 for the vortex model with a freestream stagnation temperature
ratio of 1-17'5.. As expected, the entropy variation is zero in the regions outside the
vortex cores since the model allows only variation-in the vortex cores themselves.

Equation:(l) for-the efficiency may now be re-written by eliminating the stagnation
pressure ratio; lining Eq. (2).

Tf# -(S2-S )/c~

If there is no change in entropy from station 1 to station 2 then the efficiency Is
exactly 1.0 regardlesa of the variations in total temperature. Hlowever, if between
stations 1 end 2 there i~s some loss mechanism (such as a normal shock) so that 82 ),8
in the freostresm region, then the efficiency will be less then 1.0 and, in fact, will
vary through the vortex gtreet as the total temsperature varies. This will be the easea
even ou~tside the vortex cores In the wake where the glow is modelled to be irrotational
and xw'-iacid. In these regions the entropy does not vary as shown In Fig. 7. This
means that the value of entropy outside th4 vortex -orki is coniskant and so the vkalueý
of (S2'.51 ) Is constant as well. NOW Since the flow in ý-10 absolute fraMe $ý unreZady
(with or without vortex shodduna) 4vid the gradient of entroly is ,taro oatsidv toet
cores, the totAl trr4'erAture must V~~According to C(0C'5 enerens. which may be
written as follows,

WS Vt 'IQ

In tho e EOiwfl outside tho vortex corng rhit-reduces taý,

Th,1, lo that the total prtalu-; ;ast vary a, *I; to 4te@ 6-1 cenatant. In any
flflJ tS.5)i os anteA TK~ttts va'ttijee Z&ot vortex stieet, the

Of~~~~~~~~ ~~~~ fiioe will vaya i,;f hwqf h yrp atsaxtifti This can be nono by
csowgeorito rigs. Iand a. The of fkioeoV; I-- not ctngroowt With ti-e eAntroy hanage.
aecause of the etnergy se.ýaratlon machaox,#zs nacendsea- 44n ceVtrZftr # A, taotworst ewara-
tura In local regions tani b%, greater 1,*s te. trua; o~f t~he freest ream. Thus, tlhee

tatrgons In Uhlch. the efficiency .. iratar thithe froestrunm VaLue. It should be
pitdout, thtt"'tr, that no matter tivv la-g tke varinloas in total tos~rarure, the

tetC t-19hay Vill 4lways be I*s tth An. otslnte *r 4~q 1). 92al~ Is always giotter than

It IA %onn to noe0 tOat 1iivn difivyr-once between1 e~tropy ri#4 &%d efficienay
iadu* to the unste.atiunefl ini tP4 Aktlut4 fromn tot the blade relative frane, a-nd
tsout to Stat dspewntit on tltr 0,tvte Oif t1W bison wake, Rather. It it eammiM tRo all
usanswsC IMec sueso 4 Achinds. Th0 pr!actical SignificanCe of this Obs"vaIkOa lies
yet to bo ciunoinatd *it the authors fine it interesttin.

Thbp otruoture. of the.cnsns blade wakes can *a*e t diE tater,ce in the aerodyf-
hSaite of floisncr. asct4t0Vet~ with nOWdYOnic. ,rebes it the rotor outflow. To
illustrteC r.hLAý -X .411 V;niWc ie transonic eLX.pteSaor rlOtors With! tthe san

o_-4tv, ý& n 4%Jevraga'4 tonal rz*ssxira anA tss"trarte rise, AM, therefore, the
izam taixed onar ad11abatic *ff otimahy. Ones 1i14. will be assuoed to have a classic
turbulenýt wok- while, the 01,'ter'a -"s -4V1I I consist of A vortex street With the *Amw
avfraqe "oelocny tvte.in, Other verds, the Oakes am sessaretd by conventioo~.*i laser
acmtsstry. thciiAtiqu4a would appeWar idntt~cfl. Coniventir~nal, low tequenoy rvsponse"gdbsa are stano ntst& to accuratoly measure the true tisw Sterala of the total te~ea-
rtet a4M pressure it the r-otor oustflow. bies1C this is a twor-d eASlorAl Analysis, the
Area Averaged uafltitiea twasured hy probes are actually line averagee. I the probes Are
atssused to be fvts kren dynomic effects. Vs will tate the Aver"*e flow co&Mditons at
'9he tutor bleds tow e"It plane to. be those m~astered in a tvransanie rotor 16). Table 1.
%ot, that the total teiqierature Is hig#her in the flow toutside the vaLves In the vortex
sttflt caw* OV&ke to that In the turbulont; vets case. Mis is required since the
.cOnn stret "epresses the wake centerllnm temeestuae butte tocital g *t l ux out
of Ul* igaa. tn oust be the eame ia both cane.
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* TABLE 1

* Freestream Vortex wake Turbulent Wake

Total pressure ratio 1.646 1.646
Total temperature ratio 1.175 1.170
Absolute exit flow angle 45, 42-
Wake width/Passage width 0.260 0.260

Table 2 shaws the resultant average flow condition calculated with the two wake
states. Reaults are given both close to the rotor (the measurements were made at 130%
of the axial chord) where the wake structures are distinct, and far downstream where
tM wakes have totally mixed out. The mass averaged quantities agree at both stations
of course. The time averages .losz to the rotor do not, however. The time average of
the vortex street wake cese is quite close to the mass average (probably by coincidence)
but the turbulent wake case efficiency is measured at over 1% low. (The difference
between time or area and mass averages is well known. Thu point is tlhat the low
frequency response probes can only measure the time average.) Far downstream, the mass
averaged efficieacy has decreased by 1/2% (which 1-s why probe stations ace normally
"placed an far downstream 4s possible).

TABL= 2
TV ROUMFLOW AVISAG LASCRATOBY FRANX 00HWITIOC*

vois'"4 Wae Turbulent Wake
jiea Roor 1101AxiL Vord)

Mast averge.d total pressure ratio 1.644 1.642
Nat aYvekrad total temperature ratio 1,175 1.17S
Mass averat•ed adiabatic efficiency 0.473 0.871
Probe indiAn-d total ptoeaure ratio .1,644 1.641
Probe i ndicated total temperature ratio 1.17S 1.177
Probe indicated adiabatic efficiencyi 0.07 0.818

ker fonMstr~-Aa Mixed Out)

Total pressure rAtO 1.4 1,60
Total .tcporature ratio 1.177 1.176
Adiabatic efficiency 0.84" 0.817

it tl, wake structure wat* always the same, the difftree in msasured o aotffimi
due to the iruoruru coud b. t•mixed In with empirical rob-e c(lit'trion factors and
thus be calibrated out (in theory). Itj lhwver. a =mail shene In blade ddsign at,
turbcluachinr operating point verE tnalter tih.• e wa structueo AI.,al . thee tol be4 Wan
osnrm-41t chane in Masured atodyra•ic eff iciency. nat error ofve *1• for tho stage
s.iiated here. en other words. a change in the wake structure can •-•Par as a ctvgn tin
st~gt aft olvie-y even though the aenriat' and thermal energy flux throuch rho AMachine
itne pristuca and tosa~rattare rixe) have ttgt ch~ange This error vouw .'nprIf
the answwuz rs more made with- suftitilot time resolution to teotlve. vthe %tak eitatucru.

Au, %raka structure ca" Introduce artifact* In the Neasurnenr of crmmptreaor
I)OfOIRVA;introducing9 .4 pparent citAgAs* nor r#pa'ennrtinL~ of the state of the fluid

xiting theo machine. wiaus-e the *.•rnItut of the ot"Wrattare, sapatatlao Ir.n the vorte
Street SC-4108 with ibý square Of the Y*ACsh IwJUN~r, tWS effeCt 0h44ld be -loatim rtt
tOt tranhofit s#Ad AtzpOrC&nai tUtbCMtshirft.# The argian't should hold tam for tMrineA

?sfurther in1"stigate the eo~ressor Vkeat trubture, the flew through at sangle
blade passa7e was simulated with a )coMuraricna1 fluid dynamic (CM)) techNique. A
two-dwoosnsiona. times accurate, Esynol s aveiraged. ;!Pls AIrsae acltl

was dornu- *.4th a relatively tine grid and vary &inll rim, step to insure gocad spatial
and reto~ral rvsoitlonU. 'tm aldapan airfoil gecastr'1 at tb tratofalIe oo mea*Mure-in (41, was Used, To actebo~ahta superseaio intflow lke. tarta, i;1 the c~ads the4 ioiet9*lative sach numbat wat reduce from the 1. i7 of the measurMe*nt c~xgw1iti tr c iý w!ora

found lit (IS).

"~ ~ b~t~atr ¾4* nti frvo this 0b kInti' cAlculation is that vortices
am-~.t'.tub t W bads watt 'tp. B is a plot of instanttaneos vlct vectors in

lt'v' blk-m nelatln fraoe 'a1 h tralUst Ma.0. it ahawe the Vote stauaturs 3A trb



5-6

wake as well as a separated region on the suction surface. (The vector length denotes
the magnitude of the local flow vlelocity, the orientation the flow direction.) Only two
vortices are readily seen here due to the change in vortex core translational velocity
as the vortices propagate downst--eam. This has the effect of blurring the flow
structure in any frame other than that moving with the cores. A similar problem in
visualizing the vortices was encountered in the modelling effort (11]. In both cases,
the ready identification of the vortex structure is strongly dependent on the frame of
reference chozen, making the vortex street fairly elusive and hard to see.

The shedding periodicity shows up quite clearly in the calculated trailing edge
static pressure, Fig. 10. Also of interest is the lower frequency present which
modulates both the amplitude and the frequency of the vortex shedding. This is quite
similar to low irequency modulation observed in the experimental measurements (11]. In
the simulation, tie lower fre,..ency correlates with the motion of the separation point
along the suction surface and with axial motion of the passage shock, and thus may be a
shock boundary layer interaction, Fig. 11. There is also a 30% fluctuation in blade
moment at this frequency, which is low enough (%300 Hz) to be of concern to the
structural designer. The exact cause of this low frequency movement of the separation
point is not yet clear but appears quite similar to instabilities observed in high
speed diffusers.

The modulation of the vortex shedding frequency by the low frequency oscillation
was considerable, a factor of two. The strength of the vortices varied inversely with
the shedding frequency. The shedding frequency range from the CFD calculation is
compared with those inferred from the laser anemometer probability density distributions
and from the core flow-shock motion fluctuations in Fig. 12. These three estimates are
completely independent and show quite good agreement. The large fluctuations in fre-
quency showL in the numerical simulation tend to explain the difficulty encountered in
extracting a single, unamoiguous frequency estimate from ths experimental measurements.
Fluctuations of this magnitude may also blur the bimodal anemometer histograms.

The blade relative total pressure in the numerical simulation as would be measured
with a fixed laboratory frame probe as the rotor passes is compared with measurements
(11] in Fig. 13. The qualitative agreement is excellent. The calculation clearly
captures the wake modulation evident in the measurements.

The high frequency jitter of the passage shock at the shedding frequency inferred
in [5] is not observed in the calculation. However, since the predicted shocK motion
is no more than one grid cell size and the numerics spread tie shock over five grid
points, this is not surprising. A calculation with a much finer grid size would be
required in order to address this problem properly.

Overall, the numerical, CFD simulation agrees extremely well with the experimental
observations and the analytical model. The one area in which the numerical simulation
does not add information is the decay of the wake structure as it is convected down-
stream since the numerical damping overwhelms most physical dissipation mechanisms.

7. DISCUSSION AND CONCLUSIONS

Considerable effort has traditionally been spent on establishing the proper
parameter with wnich to correlate vortex shedding. A Strouhal number based on trailing
edge thickness is commonly used, especially for blunt trailing edge bodies (2], (3],
(9]. For compressor blades, the wake displacement thickness has been suggested as a
more realistic correlation [5]. since the wakes of compressor blades are relatively
thick compared to the trailing edge, the difference between the correlations using the
different parameters is considerable, a factor of four in frequency. For the blade
section studied here, a frequency of 15 kHz is predicted using the wake thickness,
matching both the experimental and numerica! results.

The m-lilation of the frequency and strength of the vortex shedding observed in
the CFD ca oulation is extremely important for the interpretation of experimental
measuremer~s. The presence of the modulation considerably complicates the practical
problem of vortex detection in rotating machi nery. The impact on laser anemometry
techniques and spectral analysis methods needs to be quantitatively assessed.

Ext.'ination of the details of the numerical simulation as well as classical vortex
shedding analysis [16] suggests that the process may be considerably more complex than
can be represented by a simple Strouhal number. Many shedding processes may compete
and the separation zone observed in the simulation certainly plays a part. A more
complete discussion of vortex formation and evolution will be the subject of a later
paper.

This work has tended to treat the compressor blade and vortex sti 't in isolation
when in reality it is part of a very complex environment. Acoustic feedback has been
shown to both enhance shedding and alter the frequency ['1, (13], (181. There are many
mechanisms involving inter-blade row interactions for forcing the shedding as well.
The Possibility of phase locking between blades in also evident (17]. Clearly much
work can be done in this area.

Another area needing more investigation is the three-dimensional wake structure in
real turbomachines. Although it is often dangerous to generalize from two to three



ldimensions, we will point out that if the vortices have considerable spanwise extent,they can serve as an extremely powerful mechanism for the radial transport of fluid--
compllcating the evaluation of the radial work and efficiency distributions. Work with
cylinder shedding has show that external forcing (acoustic in this case) can enhance
the spanwise coherence (18].

In this paper we have made the following observations concerning the structure of
compressor blade flow and wakes:

1. The wakes of high Reyolds number, transonic compressor blades can consist of shed
vortex streets. Tis is confirmed by measurement, modelling, and numerical
simulation.

2. The sheding freqency and strength are sensitive to the environment.

3. Te vortex street can depress the wake temperature.

4. The importance of the wake trunture increases with the square of the freestream
Mach number.

5. Wake structurh can influence the measurement of compressor efficiency.
6. Changes in wake structure can be mistaken for changes in compressor

performance.

7. The wake structure can drive the blade shock system, inducing loss.

8. T-e wake structure can be influunced by other fluid dynamic instabilities present
in a blade passage which themselves may be important for performance and structural
dynami. reasons.

Ovierall, vortex shedding in transonic compressor blade wakes can have significant
influence on compressor behavior.
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DISCUSSION

ft. P.Ramette, Fr
Have you compared your Navier-Stokes calculations of the vortex streets with other calculatons like Random Vortex
Method or large Eddy Simulation methods?

Author's Reply
2 points

I. Some large Eddy Simulation work, done at Wright-Patterson AFB for cylinders is just about to be published
and shows similar effects in the wake of a cylinder at Mach- 0.7.

2. Even if our comr~uter uses a Reynolds averaged simulation, it is a very time consuming calculation as you have to
simulate not only the high frequencies, but sow-r.lhing 15-20 times less. The calculations shown are hopefully the
first of many. Even if relatively crude, they agree with the experiments.

HJLWeyer, Ne
SIn similar measurements within a transonic compressor using Laser Transient Velocimeter, we found that vortex

shedding frequency within the rotor blade wakes depends among other things, upon the blade passing frequency of the
succeeding stator. What is your idea -n this finding?

Author's Reply
We know that one can change and force the frequency of vortex shedding through an external perturbation. By
coincidence in many compressor stages, because of the way the blade number is fixed to avoid noise, you arc very close
to being in an odd harmonic of the blade passing by the stator. I think this is .t strong forcing function. We plwn to put
the potential forcing function in the numerical simulation and see what we get.

Another point coming front your publications is that if you can sce vortex cores in a stationary frame with a laser
vidocimeter, it means that the potential field of the stator is not only setting the frequency, but also locking the phaLe of
shedding. This Ihs imnplicatiow, for the mueasurement. and on the errors in performance evaluation.

ry
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o EXPERIMENTAL OBSERVATIONS ON AN UNSTEADY, NORMAL
0 SHOCK/BOUNDARY LAYER LV.(ERACI1ON

by

JA.Edwards and L.C.Squire
Cambridge University Engineering Lepartment

Cambridge C82 I PZ. UK

ABSTRACT

3An experiment is depcribed in which a normal shock interacts with the
natural turbulent wall boundary layer in A parallel sided duct at Mach 1.3
and 1.5. Tt'e shock wave its vibrated in symmetric fashion by a rotating cam
mounted in tare tunnel diffuser. The design of thio experiment, particularly
th* efforts to obtain a pure forcing signal, is discussed. Shock motion
analysis at reduced frequencies of order 0.2 to 2 and amoplitude parameters
of 21 to 201 tb~sed on equivalent czaord) it; presented. Unsteady surface
pressure meaauramenrs under the interaction have been made and demonstrate
that there io nogligibla pha-se change between the shock motion and the
surface pressiures. It appears reasonable to utilitte quavi-ateýady
assumpions in the calculation of the surface pre~ssiures at the low frequency
conditions tested,

1. INTRONiCTlQH

Theoretical studies directed at unsteady problems in Inlets and turbomachInery have
until recently generally dasumed inviacid flow (e.q. Re~fs.

(lb2l(3l(4,(S ,f'l17.C91. However, ''has long been known tha t unateady
visco;ttt iiffect'p are extremely important in cascakdes. Even in the relatively simple
problem of inlet diffuser flown, Invincid analyses form an% Incomplete basisl for the
correiation of eicperimcntal elrll lI(ll1... Moro recently, LIeIu and
Coalcley(141 have attempted a numerical 'simulation of ohe forced and velf-excited flow
III a tranoonic inlet diffuseor, oxaminted exrPerimnit ally by Sabjen a nd
co-vorkero(Poft.9-13), usint; the iteynolds-avoragitd N4avier-Stokvg equationg. While
qood ailroement between the analywis and emperiment was achieved for the cosest of
forced oncillation, there to a case for oxtending the ranipo of experi~ental dlatas
beyond those parameters considered by iSAbjon #t a1.

The obectivets of our experitientn are to conslider more closply the det~ail of the
unnteadly vitteouo-Inviscid interaction than has been hitherto attempted. We therefore
have chosen a simple-r tgeometry (,or our Initial experiments thtan that atudied In
Aefý 19-131 although there are considerable areas in which we have bettefitted from
this work. The two-dimennional interactiotn of a *hock wave with a naturally grown
flat. plate boundaty layer which isi then forced tin a symmetrical manner is studied.
The parameters of interest in turbomachines; differ slightly frost thoso In inlqets, and
differ from engine to engine. We therefore have chosen a fairly wide range of
contdltionm over Which our aimulation will, hopefully# provide data of general
interest. Since we are primarily interested in the viscous behaviour Wit use lioundary
layer thicknetiss as our' length seatl#. In this context we define a reduced frequency
and shock mot.,on amplitude p.'rasater based on equivalent chord by assuming that on the
fullI scale blade at khe oh,>ck Interaction position the boundbry layer thickness, III of
order (chord x 10- ). The amplitude parameter to defined as the rotio of shock
displacement to equivalent chord.

In this paper we consider theti behaviour of Unsteady shock aotion In a parallel sifted
duct at Hach 1.32 and 1.53. A comparison of the flow at these X-acl Auttib~rs is of
interest, since we pay extpect (for the steatly flow cosel -that the boundary layer willremain attached atMach 1.3 but, be beyond the poiiit 4of incipient separation at Mach
1.5115). The design of the' experigient to enj~blej us to achieve a range of reduced
frequencies tand shook aA;Pltde pna1auter8 Is dlasftsood and stbooJk motion results are
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presented. At Mach 1.5, reduced i'requencies of order 0.2 to 2 are attainable with the

natural tunnel boundary layer and amplitude parameters of 2% to 20% at a reduced
frequency of order 1, are demonatrated. Unsteady surface pressure measurements under
the shock/turbulent boundary layer interaction at Kach 1.5 are presented. The results
are compared with a simple th~eoretical approach.

2. EXPERIUMNTAL DETAILS

2.1 Operating Conditions of Tunnel

* Intermittent running facility (up to I min. run time)

*Working section Mach number 1.53 1.32
boundary layer thickness 5.6mm 5.5mm(measured

from schlieren)
*Po stagnation pressure 13SlcPa 129kPa

To stagnation temperature 296 '-/* 4 0 K
Tw wall temcperature 292 -15'K - 7
Rteynolds nujsb..-r 1.9X10 /M 2.lx4O /s
working section width 114mm

*height 152mm

2.2 Descripntion of Experiment

A rotating cam was installed centrally in the diffuser of the tunnel (Fig. 1). This
was uswed to vibrate a normal shock situ~ated in the working section by creating a
periodic variation in the bnick pressure. Shock frequen~cies of up to 240 Ila. were
obtained. The rotation speed of the cam was meanured by a magneti:! transducer and was
che1cked independently with a calibrated tachometer. To vary the forcing pressure
disturbance a number of came were manufactured lWig. 2). Five came of equilateral
Heh13ad15 aso obewdescinwt iesor3. 5.ad5mtriangle section, with face dimensions varyis-g from 19sm to 25mm, were tested at both

Hscb1.3andI.$ Camnsofduoubewdescinrihsmnin 3m 5m SM

(n7 toansdcers
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The mean shock position was set at the window centre by adjusting the tunnel
stagnation pressure. The tunnel is controlled manually. It was found that while the
stagnation pressure could be monitored accurately (+/- 0.5mm Hg) by the use of a
transducer, it was more effective to contvol the shock position by the use of a
video-schlieren system (Fig. 3). in this way, with a *steady* shock, ie without the
cam rotating, random movement of the shock could be constrained to within reasonable
limits of the selected mean position (F'ig. 4). The shock position was monitored using
a Reticon LC11l line scan camera with an array of 256 diodes in a similar way to that
described by Sabjen and Crites(161. It is known that this technique gives an accurate
representation of the shock position[17). An image of the horizon.:al centreline of
the working section up to 160 mm long was cast on the face of the camera. The poorest
resolution of the, system was thus theoretically 0.625 nua. in practice there was found
to be an error of */-I pixel (photodiode) . The light intensity was attenuated
optically so that the cramera responded to o~nly two pixels across the image. The
linearity and accuracy of the system was checked by placing strips of black tape
across the working section at known dictances from the upstream end of the window. By
varying the magnification 4nd restricting the scan length the accuracy of the system
cou~d be varied between 41-1=m and */-0.2mm (depending on shock motion amplitude).

Unsteady pressure measurements were made using )(uliti, XCO-062 Iranaducers. The
forcing reference pressure was monitored on the tunnel sidewall at the point marked
Ref in Fig. 1. seven transducers were mounted flush on the floor of the working

secton s sowninFig. 1. The stagnation pressure was also meaue usn a
transducer mounted in the settling chamber. The pressure and shock position data were
captured on a mini-computez for storage0 and subsequent analysis.

#low

43Q~dW SJ 1UsniaWs (oW SLM~kUWAe WHAd dfiV snAW %UUALso

0 0 0-1 seconds 0.15
VV& 9Wsd) AbOc &Wae (socu the Lille kua Ca-ta (Mh 1.5)
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3. RESULTS

Spark shadowgraph photographs of the interaction region at Masch 1.5 with the shock
steady' and forced at a nominal frequency of 100Hz. are shown in Fig. 5. Downstream

of the leading foot of the lambda (the 'viscous ramp*(181), the region of high density
gradient in the shear layer rises from the surface, lea'dng a reqion of low density
gradient close the the wall. One can observe an apparent reduction in the intensity
of the optical structures close to the wall, downstream of the interaction. 11owever,
it is not possible to tell whether there is actually a separation point underneath theJ
shock wave, although, from the results of Sawyer end Long[l3I at the same Mach number
and similar free etream Reynolds number (IOxIO /s)# we might expect d separation
bubble to exist and to extend for perhaps 5 boundary-layer thic)~nesses downstream of
the shock. Photographs at Mach 3.3 are shown in Fig.6. In this case the boundary
layer thickens but does not separate.

(a)- SSc le %pbp 55w5A* ay .
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The phase change between the forcing pressure at the reference point and the measured
surface pressures at a particular x station at Mach 1.5 is shnwn in Fig. 18. A least
squares straight line has been fitted through the first five experimental points. The
slope of this line is due to the effect of the time lag between the reference station
and the mean shock position. It has been demonstrated above that at low frequency
there is no phase change between the shock position and the surface pressure.
However, at 100 Hz. the phase change begins to deviate from the straight line,
indicating that non-quasi-steady effects are appearing. We surmise that. at reduced
fre'quencies of 0.75 or less, the flow may be considered quasi-steady in this
experiment.

The calculated phase of the shock wave motion with respect to the reference statio8
shows poor agreement with the experiment. The error in phase is approximately 30

when the time lag is calculated with the assumptions that the forcing pressure is an
acoustic disturbance and that the static temperature immediately downstream of the
shock wave is given by the normal shock relations and subsequently varies linearly to
the conditions at the reference poih.t. Better agreement is obtained if we discard the
assumption that the pressure signals are transmitted through the core flow but
instead, are transmitted through the boundary layer. This point has been raised to
demonstrate the difficulty in applying simple calculation methods to such flowfields.
Firstly, the flow downstream of the shockwave is non-uniform. We can appeal to the
findings of Sawyer and Long151 that, in the steady flow caae, the flow has not
stabilised after 100 boundary-layer thicknesses downstream, the slip line and velocity
gradients in the inviscid flow still being distinguishable. This is well beyond the
reference point in our experiment. In cases in which a strong viscous-inviscid
interaction occurs (whether or not flow separation is present) a more sophisticated
approach is required. Secondly, as has also been concluded by Sabjen et al.l121, the
modelling of perturbations in the forced oscillation case as acoustic waves may not be
acceptable.

'V-

e.1414 ~W" o"WmWIt~tfa,6ma bIA(
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4. CONCLUDING REMARKS

The objectives of the design of our experiment, namely, to provide a symmetrically,
forced oscillation over a wide range of conditions for a two-dimensional
shock/boundary layer interaction on a flat plate, have been demonstrated. Reduced
frequencies of order 0.2 to 2 with amplitude parameters of 2% to 201 chord at reduced
frequencies from order 0.2 to 0.8 have been achieved.

The generation of a pure forcing disturbance is desiraoie from the point of view of
the validation of theoretical and numerical methods but is difficult in practice. The
best approach may be to provide a sinusoidal variation in downstream blockage by
movement of the outer walls, however, a reasonably *clean" signal has been
demonstrated.

The amplitude parameter is important in flowfields where the boundary layer is close
to shock induced separation due to the relationship between amplitude and local shock
strength. In such a case one could generate a periodically separating flowfield with
obvious similarities to stall flutter. In the case of curved surfaces typical in a
cascade of compressor blades it is also possible to envisage the case of a stall
flutter occurring due to a low frequency, relatively high pressure disturbance
generated downstream of the cascade.

For the purposes of the prediction of shock motion amplitudes to engineering accuracy,
the simple asymptotic method has proved to be surprisingly good at high transonic Mach
numbers (NMl.3), at least in the context of this experiment. This is outside the
bounds over which the theory would be expected to apply. However, there are,
difficulties with phase prediction and this is an extremely important phenomenon, for
which prediction methods are essential. Work is still required on the determination
of acoustic paths.

Given the details of the shock motion the unsteady surface pressures may he calculated
from a knowledge of the steady surface pressure distribution. Certainly this is true
of a flat plate boundary-layer for reduced frequencies of 010.4l and possibly up to
reduced frequencies of 0.7 or higher.

The author# are grateful to Rolls Royce Plc. (Derbyl in the support of this work.
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o MEASURED AND PREDICTED LOSS GENERATION INo TRANSONIC TURBINEBLADING
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Madingley.Road Filton,
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SUMMARY

> _For a typical transonic turbine rotor blade, designed for use with coolant ejection,
the trailing edge, or base loss is three to tour times the profile boundary layer loss.
The base region of such a profile is dominated by viscous effects and it seems essential
to attack, the problem of loss prediction by solving the compressible ?tmvier'-Stokes
equations. However, such an approach is inevitably compromised by both numerical accuracy
and turbulence modelling constraints.

This paper describes a Navier-Stokesq solver written for 2D blade-blade flows and
employing A simple two-layer mixing loenth eddy viseosity model. Then, measured and
predicted lo-q-es and base pressures are presented for two transonic rotor blades and
attempts are made U... azsess the capabilities of the Navier-Stohea solver and to outline
areas for future work.
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edges. 'rhe statiq prssure. .Juct downstream af the trailing edgo is ty~pically lowe~r
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loinflunto the folet ovr muich of the aft reg~Io of tho blade ottatlon §txrface. The overall

argetc ? the blade row, in partIcular the lessee, are largely i0*~turtird by the MOWe
in the base rorgion.
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2. NAVIER-STOKES SOLUTION PROOWVURE

The floitfield is described by the two- jimensional isenthalpic time-dependent
equations of motion written in integral form:

fO UdV "LAREA dAE

where

withq~~ui1  Ovi iTi 4 1 1± 4 1

wit u viI ry xixix + xyixy 4Tyx y ix ay I.y y

Xand I are unit vectoro and the stress. tensor 7c has componients

Ox a

4 2

where vs (I * UTi,*fl and for tueuthalpic flow v (y-1 1 y)O(h 4- tu4
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given by
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a The outer fuo'sulatiofl is used in wakes and in attached and separated boundary
layers. Transition must be simulated by ad hoc means; in the current effort by
specifying tile actual location of the transition point on the blade.

The various constants are taken as:

CL z0.02688

CKLES 0.3 (10)

k :0.41

C 0.25

The fluwrield is divided into a large number of arbitrary non-orttosGonal finite
volume computational cell*. The flow equatio-as Are diecretised on this mesh with flow
variables stor-ed at cell centres. Values or the variables on cell falces are fcutd by
assuming that they vary linearly ietween cell centres. Viscous derivatives on cell
faces are evaluated by defining local non-orthogonal co-ordinate system,. The full
stress tensor is retalned. The system. of equations are marched forward to an %syptPettic
steady soltuion uoin$ thte Implicit iterative replacement (or deferred correctionl)
algorithm des4cribed in more detail in (bl) and (9). to which th& interstedt revader i~s

rvterre'i.

The alsorithai hats the block matrix-vector formz

M! Ac (Lv * D, - C,)A (Illy
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3. BLADE DETAILS AND COMPUTATIONAL MESH-ES

Two turbine blade profiles were chosen for the present Study. Both were high
pressure turhtne rotor sect ions with thick coolable tvailing edges, but operated here with
no coolant flow. The main differencýe beticen the blades is the TE thicknesses.

The first bladeI designated RD, was tested by Hailer (10]; details of the blade
geometry are available in t103, The key parameters are

Pitch/chord o.84&2

inlet angle -56.T50 -

exit angle 464.650

stagger angle 29.60

TF rAdius/lchord 1.4%

The blade was tested over A yvtnge of exit isentropie Mach numbers fr-om 0.9 to 1.2
with A nominal Reynolds number* (on cluird) of 0.9 x 104.

Ttie second blade, designated4 RD. was tested by Paige (b]. The key parametersi are

P~teLehoN0.82q

Einlt 4"1n01.5

For thlie tea't "tl~flta t4At PrI0p0--tC4 nere, '1he taettropit ex~t itynii tt6140 baaet
on tnte ensS.?x tP. Th bt 41 a tvtet-a e-ver a range Q~ oxf e i Lertrep't? )taeh

tt & l :; t Xsthees ke" is- 10 ou VISU cr~tqr tani titr t#v.

tratl ~ ti-a e4r'a 1* 01 !is elre o. t'IZ l MftW' atVs Yt-ye ef s4zer5 esit-A
-R bt ree "ter. A sllat qenuC~~tedVnA

4crnerA4' ~ ~ ~ ~ ~ ~ ~ ~ ~ Tt -'sad? w.rvi- a -tsnehoza ha~r~tee15

vPO45~' of tine catt a .fettvz wl epeeaa tev

ritpacvn eftstrýt 4 aTtm #s-*;APAre far th ig z lryP

$s ri %sg inT folgr n-n ps it&a0ante ttbartt+
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,.t' `- Othal~o ant- -e4.1la srs- e u trted the raalt s-late 'Is-ari~ý ar-s'-yaresl.kqt-* Wim
~9 ,()~~ ~fiw44by tvtls~p hat irh blssat-a h 4ekt p''ar~f atA4

Inteestst~ib 'a 0-ttic arrtave att Thtqyer. attarracq siit-flart ngiflo 'Wosv'
titthse t Vylyrs~mts wt~h reetakJeltitlet 4R lat4sreaur the-
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4.1.2 RG blade

Figure 9 shows predicted contours of Mach number for a case with zero incidence
and design exit Mach number of 1.15. The shock-suction surface boundary layer interaction
is strong enough to cause separation with re-attachment just upstream of the trailing
edge.

Figures 10 and 11 compare predicted and measured blade surface isentropic Mach
numbers for zero incidence and + 101 incidence respectively and at exit Mach numbers
of 1.15 and 1.10. The agreement is satisfactory.

Both predictions and measurements (6] indicate that the interaction of the trailing
edge shock with the suction surface boundary layer is sufficient to cause a small
separation bubble. This bubble grows with increased exit Mach number until at speeds
higher than design re-attachment does not occur upstream of the trailing edge. In
addition in tne runs at +100 incidence, a large separation bubble (from 15 to 35% axial
chord) is present associated with the leading edge overspeed.

4.2 Blade losses and base pressures

4.2.1 RD blade

Blade losses were computed over a range of exit Mach numbers assuming turbulent
boundary layers because film cooling slots in the suction surface of the experimental blade
promote early transition. The predicted loss coefficients (p0l - P02)/(P02 - PZ)

are compared with those measured in Figure 12. The measured losses show a dramatic
increase as the exit Mach number becomes supersonic, rising from around 4% at M2 t 0.9
to 9% at M2 = 1.2. The predicted loss variation follows this trend but with
somewhat higher level (losses rising from around 5.5% at M2 0.9 to 11.5% at M2 = 1.2)

Predicted and measured base pressures are compared in Figure 13. Over the range
of Mach numbers considered the predicted base pressures are lower than those measured and
this is consistent with the overprediction of losses. The low values of predicted base
pressure imply too much mixing near the trailing edge and hence too rapid ontrainment of
fluid into the wake [12). To test this hypothesis, the computations were repeated for
the 1.20 exit Mach number case assuming the flow to be entirely laminar. As shown
in Figures 12 and 13 the predicted base pressure is indeed increased by the reduced
trailing edge mixing and the predicted losses reduced. However, the predicted loss is
still some 2% points higher than that measured. This remaining discrepancy which
persists right down to subsonic exit Mach numbers must be attributed to the inevitable
numerical errors associated with satisfying the conservation equations only to a
certain discrete level.

4.2.2 RG blade: zero incidence

The variation with exit Mach number of predicted and measured loss coefficients is
shown in Figure 11! for the RO blade at zero incidence. For these computations, the blade
boundary layers were assumed to be laminae the way to the trailing edge.
The oredicted losses are greater than those measured for subsonic exit Mach numbers
and lower for supersonic exit, This trend is consistent with the variation of predicted
meaiured case pressures, Figure 15, which show the prodicted baso pressure to be too low
for subsonic exit and too high for supersonic exit. In terms of trailing edge modelling
this impliec that there is too much mixing for subsonic exit Mach numbers (an vas observed
for RD) but too little mixing for the supersonic exit cases.

Experimental observation suggest8 that at the design exit Mach number of 1.15
the suction surface boundary layer remains laminar until interaction with the passage
shook causes separation followed by turbulent re-attachment. In the numerical
vimulations, the transition location is simply specified an an input variblo. Figure lb
shows, for design exit Ma.h number, the predicted variationo of loso .oefficielnt and
base Dreasure with suction ou'faae transition location. The predicted losose increase
as transition is moved towards the leading edge but the base pressure is very little
altored. This contrasts with the prolictions for the RI) blade where, for supersarlic
exit vilocities, base pressure, as well as loss, wore sensitive to transition location.
Tbi6 suggeJts that the increasod trailing edge thickness of RU relative to RD (509 thiaker)
r"-ders 'he base flow leos sensitive to the character of the boundary layers and that
thb, variation of loss with transition location for Ro must be aenociated with blade profilq
loon, rather than TE loss.

4.?. RO blado at +100 incidence

The variations with exit Mach number or predicted and measured lose coeffoicient and
base pressures are shown in PFi.'eos 17 and 18 for the R1 blade operated at .10 incidence. A
The computations wore porform.- uting laminar boundary layora. The much higher level
of loss at subsonic spneds (compared with the zero incidence case) are due to separtion
"bubbleson the suction surface from Pbout 15 to 35% axial chord caused by the loading edge
ovor.Deed.

As in the earlier oasez considered, a consistent picture emerges ofr predicted

base pressures lower than measured over predicted loss levels are higher, and vice voreal
losn levels over predicted by I to 2$ po nto with respect to meadaurement for subsonic
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exit velocities; loss levels more closely predicted for G)ch cases with supersonic
exit velocities.

5. CO-NCLUDING DISCUSSIC.!

In the flow past turbine blad~es there is a relativ-.ýly weak couplIng between the
inviscid flow and the boundary layer flow. (Unlike ccnrpressor blading where this coupling
is strong and dominates the flowfield character). Consequently, it is straightforward
to0 achieve good agreement between predi.nted and measured blade surface pressures.
The quality of loss prediction is determined by how well the Navier~-Stokes solver allows
the boundary layer flow (including the small separations) to respond to the imposed
pressure field and by how well the solver limits the impact of numerical error.
The Navier-Stokes solver used in the present study predicts well the trends in loss
coefficient whtn compared to the measurements but with discrepancies in level. Se'.'eral
points nay be Irawn from the comparisons made:

Wi the urý-icted combinations of loss anl base pressure are consistent. When predi 'cted
losses were higher than measurement, the base pressures were lower, and vice versa.
Globally fti- base pres ;ure results from mass momentum and energy balances ("mixing out").
Locally this conservation~ takes place by strung mixing (dissipation) in the trailing
edge .-egion. The at ongei' the mixing the more vigorous t+h, entrainment and the lower the
babe pressure. Some of th'p dierepancies between predictions and measurements seem. to
be due tc poo-'y predicte! s~ixing luveli (121, this is hardly surprising for the cases
run with t~url.ulý,rt toundary layers whea considering the crude turbuleance modelling employed.
AAititonally, tl>' preclct-ons d, not tisolve the vortex shedding, from the trailing edge
at subsonAc spl!,,ds fbvcause the tin.- marching time step size is bigger than the shedding
tim.e scales) land so one of the pot(c.-tial mixing r.echanisms is missing.

(ii) at subsor ' o exit vtlocitles the predicted lose level iv systamatically higher
than thttt mea-ur-ed (I to 2% p,,,irts high). Much of this discrepancy must represent
numeri'-al error. Qu~te, ar:, .,om issues such as mesh size and quality anid formal
trun; inn errvor, nunterical in tatal pressure is inevitable (Or. 3 .D. Denton -

pri, -'unicat ion). The' no:mtrical scheme satisfies the oonservation equation-. for
mast nE~r;,.Lm and energy exaetly (at some discrete level), but total pressure (i.e. lossu)
is derived from the solution; ,ombining properties which are- consistent only on a
discrete level is similar to the classic irreversible mixing of two streams9 of fluid with
difrferent velocities and is bound to lead to loss generation. The way round the problemn
may be to soQve the equation for entropy transport and production as well as the equations
of mass. momentum and energy conservation. Rather than being redundant, the total
pressure equation In used to mronitor the accuracy of the main solution procedure.
Envouraging wo-k io already proceeding Along these lines.

(iii) predicted and mesnsured lose levels rise dramaticall~y f.or supers§onic exit Xueh
iiumbers. Whether, plredicod 1osýIos Are hijghor than L'ensu~revent or not ýiepondf on the ietiuat
exit Match number 3t which the predit-ted riste oecurse; the predicerd point of loss inizroase
in early fot, RV and late top RG. Theo rse, in losses in partly due to separation of the
suction surrace boundtary lyear but a~lso duje to the transition point moving on tho blsde
eurfAve. More work io need"d on troanzitioni modelling in the context of aerSoe
solvers.

6i. AVIWIDtLEV "M

*-J. 1Camuo 4nd L.P?. Xu UthanV ol-Iye I'1A, for their gponoorohip of th.?
eXparimontAl pA;lt of thic work and8 Rollo-R~oyao porwonanl ror oosontsia discuusion.
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DISCUSSION

J.Cbauvln, Fr
The differences between measured and calculated total pressure are of the order of 1%. Are you sure that this is larger
than the measurhnent accuracy?

Author's Reply
I am rot sure that the discrepancy between measured and predicted total pressures is larger than experimental accuracy
for supersonic exit velocities. Nevertheless, I think that numerical error (false total pressure loss) may be responsible for
discrepancies of around 1% point, firstly because the discrepancy between measured and predicted loss levels is
systematic and secondly because false total pressure loss is inevitable in non-uniform flows (especially at the blade
leading edge).

JJ&0oore, US
You are comparing 2-D calculation with what must have been at some point a 3-D flow. Could that account in part for
the differences between measurement Snd calculation?

Author's Reply
I could have believed that but if you sum the entropy generation it tends to explain levels of discrepancy that I see in the
results. The problem is probably false total pressure generation.

J.Moore, US
Have you ever tried just simply turning the viscosity off?

Author's Reply
It is easier said than done. You write a program with a certain philosophy. I cannot turn the viscosity off.

J.Moore, US
You could multiply it by 0. 1.

Auth•s Reply
Yes, you can rum at ecmnous [ Re inubens but you still have tumn-tegligible levels of pressure loss,. principally at the
"Ieading cdge,

J.MA. c, US
When you say at the LU.. is that thw saue protlem tld J.Dcntwo has?

AuldWs Rkvly
It is no1 1pproprlate for fin to dkscttm Denton's approach. Leading edge Li the ptlace where you have the largest
gradlatus in paurv. larger than In shocks. It 6s the laot place where you wrould expect the H-Mesh to be applilc&

J.MoMI US
So It Is the Ituneh which is givingyou trouoe.

The snea at the kladin•g dge WSoribults to Eal•e nturopy prudwtkil. wswhere th mels is ksa•t•datoy.

I
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___ INFLUENCE OF SHOCK AND BOLrJNDARY-LAYER LOSSES

Ln ON TI-E PERFORMANCE OF HIGHLY LOADED SUPERSONIC

0n AXIAL FLOW COMPRESSORS

K. 0. Brolchhasuen and H. E. Gallus

Motoren- und Turbinen-Unlon Inatitut fOr Strahlantriebe
Milnohen GmnbH und Turboarbeltsmaschinen RWTH Aachen
Dachauer Str. 665 Tempiergroben 56

8000 Mi~nchen 50, Germany 5100 Aachenl, Germany

SUMMARY

ýPerformmnce and losses of tranelsupersonic exist flow compressors sre Influenced by shock structural shock-boundary
layer Interactiom. and boundary ieyer separation. The combination of these phenomena and their effects on the flow
cnaracteristics of aupersonic compressors are discussed In the presented contribution. For this purpose experimental
results are compared with theoretical approaches Involving different semF~emplrlqal correaitions for shock and
boundary layer loses#, for seporation and flow deviation. By an appropriate combination of theme mgdels the flow
characteristics of supersonic compressors are Interpreted and the performance of ouch compressor* Is successfully
reproduced In a wide range, Finally, generally valuable statemeonts on the design of highly loaded aupeesonic coenpres.
sore ame derived and possbl~e perepectives are dinoribe4.

-v SYMBOLS

A area 0 "b5Outo velocity
I) diffusion factor F area rotor entrafce
M Mach nujmber 0 rot, speed
P* sat.t preatuxe pt total proaucX
f radius Re Reynolds ramuber
R Clas COW"a t pitch
T~ rothelpy u circunmferentilu volocity
w relative veloolty It 4, yo coordinates bow shock

9k abaooutm flow "tol if roalet v# flow angle0
a ratio of sift. he"$a 0 sol4idty

, loscoeffltiate

0 s~tiri 1,2.) exist pwltiws
ams -"Mlue systens hs hub
P profile, Mareuw side rel toelatve *yawn

S suction sldo up
TM tandeist aten poaltlan
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1. INTRODUCTION

regarding the extreme increase in stage pressure ratio of the next jet-engine generation, the application of
supersonic compressors again Is considered. In the past different attempts ori the realization of supersonic compressors

41 were made?
With respect to impulse-type-rotors with totally supersonic flow, remarkable standards were reachcd at the end

of the NACA research period /1/, at CNERA /2/, at the AFARL /3/ and the RWTH-Aachen /41. In all cases, however,
the deceleration of the flow In the stators was conweted with a strong decrease In efficiency. A more even distribution
of the static pressure rise In rotor and stator was echieved by the development of rotors with strong passage shocks and

*tandem-stators /5, 6, 7/. With these components high pressure retios ( =tI 3.5) have been reached In combination with
satisfying efficiencies t 6 2 %).

These results, specially for the rotors, are based on well established design methods /A, 7/. The theoreticai
*description of the off-design performance, however, up to now encounters major difficulties by a lack of experimental
*dateaend Insight Into the aerodynamics of supersonic compressors.

Therefore tf~c performance data of different supersonic compressors (Fig. 1) have been compiled. The main
geometry of these compressors Is outlined In tabie 1. In the following, some characteristic results of these extensive

* Investigations are compared with a performance prediction method. For this theoretical approach a loss model, con-
sistent for all Investigated supersonic components, is described and the dominating influence of compression shocks and
viscous effects Is discussed. A more detailed discussion of measuring techniques and theory Is presented In /8/.

2. SURVEY ON Ti-E BASIC COVUUTATIONAL MYETHODS

For the detailed analysis of the whole flow field at off-deoign conditions a streamline-curvature thvough flow
method /7/ Is used. To determine the overall performance of the compressor more efficiently, this code Is reduced to a
single representative streamline and applied as a pitch-line duct flow technique. In the eiase of the supersonic com-
prestor components It Is not sufficient to establish controli-aurfaces at entranco and at the exit of each blade raw
(Fig. 2). Additionally the Influence of the blockage caused by finite blade thickness has to be considered. To cover this

* effect supplementary computational planes have to be positioned Inside of rotor end atatort

For the tandem-stators the effective flow through area of each partial channel Is represented by two control
planes at entrance an exit of the overlapping part of the cascade, The flow conditions at the entrance of the second
blade row are determined by a simplified SI-surfece calculation corresponding to /7/. Assuming leentropic flow down-
stream of the leading edge shocok system, the velocity and the Mach numvbdr upatraem of Uhe two channels yields

f sapplying the conservation of energy and circulation on Uhe costso, grid, shown in Fig, Nr

Cosrn CY -f COS a, IN in al

J Oa dU X-71 S IN

IReq5?ding the leading edg blckage, ot tfhQ entrance of the rotor the span Is Imposing certain radial affecter
choking occura not over the whole c~hanel cross section but oni discrete circumferantiAl 6dunsalru with transonic Ilo)t
flow. This It Illustrated by Fig. 4 where the percental amount of local choking (related to the overall Iinlt cemu section)
io plotted for differen speedse. As a parameter the relative leading. edg thicknoes related to the pitch io varied.
Corresponding to this grubh, en overall choking occurs only lor a leading edge thickness greeter thvan 1,2% of the pitch
and In a rather n.,rrow rtnsg of rotational speead. However, partial choking has to be considered *vani for very thin
blades w4d witbisl a remarkable range, of rotor slieeds, It satends from local zsoklng near the lip at low speeds over
pitatia powkinq near mipAd& W wto imil holi near Us hub at 14,w ise oor speeds.

3. S)4X0K- AND LIOS$-M0011LING

* Li lUoundary-tLayer Losses

* T~he losse cause by Ite viscosity of the fluid can be attributed to bounidory layers at the hub. the easing adthe
blades. Fot deaign teal, the profile botindary-isyae awe detemrmind by a boundary-laye ca~lulaton, The Integral
nwehtlo used to doscibed in /91. In cae of peformance predition the casnnoldssty of the "calcutlaon Is retsced
dee~mrmiqn the profils losse uttitaing the loss mnoda proposed by Momsarrat a..a. 1101. Considering. siso a radlal shift
of fth stremines ItI gives a Correlitlon of the toa coefficient 4 t(lt and the aseudywanit loeding of the profile

Indcatd b th difuson actr 0(Fig. 5) for dilf*Msetapens.

As. the voperotwi cotnpreeeoqa I'sav low aspet a4Nd hi tb-Olp-retlos the losse for rOt&W"tor e stam aetaken
for the neA wall regio of the Moanuarrt corretatloni trodlcaWaby qcreeniigl in fig. S.



3.2 Shock-Boundary-Layer Interaction

In the case of supersonic and transonic nlow In the blade passages the Interaction between shocks and boundary
layers has to be taken Into account. In the Impingement zone of the shocks the boundary layers have Vr undergo a
sudden pressure rise, which leads to an Increase of the boundary layer thickness or even to shock-induced separation.
This aerodynamic loading of the boundary layer Is deft by a semlemplrical approach /7/, which Is Implemented In the
lnteral-equatlone baindary layer code: In the Interaction region the characteristic distributions of wall pressure rise,
momentum thickn:ess and shape factor, revealed by a series of experiments, are described unitary In dimensionless form
using the conservation laws for the Impingement zone. This procedure Is experimentally validated for shock-upstream
Mach numbers up to 1,4.

Applying a duct flow calculation a detailed analysis of the boundary layer Is impossible. The losses due to weak
shock-bot .idary-layer interaction are assumed to be Included in the Monsarrat loss correlation. An additional integral

*loss Is however calculated when the shock forces the boundary-layers to separate. The separation Itself Is Indicated by
ari Interpolation of the data of Donaldson and Lange /12/.

K, -2,25 j K, a 115S I turbulent)

K, - 9 7 ;KI 4 112 (Iloninor I

If separation occurs, It Is assumed, that the separated boundary layer generates a critical through flow cross
section Inside of the blade passage and the flow downstream decelerates from M I to the effective outlet cross
section of the cascade according to a Carnot-dif fusIon psocesa 113h:

(A,,, A' P x W

3.3 Ooundary-1.eyer Blockage

The displacement of the flow by the boundarylasyers Is able to choke the f'low In the blaed passag. This affect Is
reproduced conslderIng the Influence of the overall leasse on the local Mach ntumber.

ConsIderIng only commonly used deviation correlations, the numerical eimulation shows tpeItaally at part speed
condiltions and h1ig back pressure, that the lossee of the shock Induced boundary-layer swpsrat-lon may cause pessego
choking to occur In the rotors. The experItnents however Indicate that In these cases the Nwslque Incidence" /14/ moses
flow Is swallowed ever. with a spewlse supersonlc relativ, velocity at the rotor entrance. The exit flow ongle, according
to ithe oxpelmetat obvIosly Is aOusted for sepaated boundary layer up to critical conditions in the exit planet of the
rotor,

If. h~owver, loci Induced choking is Indicated wiIthou any bounidary-loayr separation, the onter - g- mas~s flow
deflned by the* *uniquio Incidence" condition Is unaoble to poas the arItIcal cress section any longer. If, reality the
comprossor wiould run Kito an unsteady choking process,

Only In Case Of V1 Intit flow With V.bsonl6C relatIve veocIOty n4ea the Nubs, the Inlet flow Is reduced torertively
carrisonit ng to the OVsAdNq Moan flow at that r" exist.

XA Sheok Lease

In sresol"nla cotntreossor. t1110 shock lessee t.en1tribute 1111NlfIce~rtly to ithi Overall lOWessand A dotalled more.-
"Meostion of the shocks Is essentils for a successlful predlction of the flow 11140I an thet of f-deeistl p.4ortminca. Thuts.
for des~ig puwpooes the 434 socmk strwcturee ate tarmlosd by a fitting procedure, deecrlbed in 17, 91. With a view to
thes lows pradIctlon at off-desrin spee again a simplIfyIng miodel Is 0"sd The tosesve are sassumd to 1-e genetted either
by a bow whel orea pessiqe sock. 7he of"s end the Inttnsity of the hyperbolic bow shock (I. a. x , Y litI '4. 6) t
M ".0111ed COrteP"4ndl to Moeckel /15/ by conamirvation of mms aNW snengy within t~a subsonI; req&~ 1A fronlt of tf'.
bl*s*d leain edge (Weoreeed In F'ig. &N~ The shpe of the stegneitlon streamlitne Is lowh ejhplylg the continuity "sAtion
betwee tie InlstwedIne flow MAnIthono e ond usubtn left runeisi Oar*teeerltja I atssenwtnG Irnil the s&ctior
aide.

The leases of the shocks system appeerng In the Wlads passage are t~rejreete by a slwrqle normasl leading-ede ~ .

hoots 1101. Tie hock Mac ftoi esber It the meaim between the Inlet ve"i and the ewnisfitone cA the Shack tjssp&fame
pODW an the auc~tion aide, determIned by * PrentlMaas meon

"10e bow-shock lose hae" to be considered oily fat Mading with atnm" auction si do camber (Ifroulsetlpe
rotor). In this cee. Mi for, desin spee these 16ss1e W StOl low COsstpatd to tM e loome of the normael leatftnq-odifs

bh g. (09 & 0 The buw-bX+ k leasehawve, conthibuto tematkably to the Overl o se tam"t low apeed "rsiltlons.

If the fl&0 1a hottled by Increeeed beolspt#ew of In coaefsimne of the blade passgeoinamtrr, on sd~tional
ShOck sYstem Is atabiltled within the blae dIajysel, The aditonl to"se ate smulateid by * notnta passag sOmit,
whOle Pfstifoni I4 Vatted WCeottIlr to this back prissm". Pot this purpoee the Mac u ostssba distribu t~o a the l
painng Is esesend to cisati corrupcndln to the vairetIon of that flaw th*uo4s wooa.ilIReba
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4. PERFORMANCE ANALYSIS

4.1 Supersonic Compressor Rotors
4.1.1 Overall Entrance and Exit Flow Properties

The Inlet flow conditions of the Investigated rotors (Fig. 1) can be discussed comparing the absolute Mach
number variation for different rotor speeds (Fig. 7a, b). In cue of the Impulse-type rotor In the whole range of in-
vestigated rotational speeds the inlet flow corresponds to the unique incidence condition at mid-span.

Examining the shock rotor the unique incidence condition predicts a Mach number which Is to high at low speed
operation (thin line in Fig. 7b). This mass-flow reduction is caused by the blockage of the blades, which are wedge
shaped near the leading edge. Considering this geometrical blockage as qualitatively described Irn Fig. 4 the variation of
the axial Mach number with rotor speed Is reproduced more accurately. In conformity with the remarks on choking
caused by boundary-layer blockage, this adjustment of the masaflow can no longer occur with relative supersonic flow
near the hub.

The rotor exit flow conditions are compared by means of the speed dependent variation of the relative Mach
number (Fig. 8a, b) and the absolute flow angle (Fig. 9a, b) measured with reference to the circtimferential direction.

For unthrottlud flow the relative Mach number in the exit of the impulse-type rotor Is Increasing with rotor
speed nearly comparable to the Isentropic Increase. In cot espondance the absolute flow angle decreases continuously.

In the case of high beckpresaure the data at the pxk. of the Impulse-type rotor show two different tanges with
Increasing speed. At lower speeds (n/nc < 0.8) in accordsnct with semiconductor measurements In the compressor
casing the presented ilos- and shock models reveal, that the front wave Is strongly detached in consequence of the
curved auction aide and the low Mach numbers. The pressure rise in the blade passage shock, stabilized by the back
pressure Is small and the boundary.layers remain attached. Thus, even with high bock pressure and a position of the
passage shock near the spill point, the relative exit flow velocity increases with rotor speed.

Above n/no . 0.8 the strong passage shock causes a separation of the suction side boundary-layer. The additional
losses are responsible for a slightly subsonic relative exit Mach number, nearly constant with Increasing rotor speed up
to the design point.

Contrary to the Impulse-type rotor the shock-rotor has a decreasing blade passage cross section. Because of this
converging geometry and additional shock losses even for unthrottled flow the exit Mach number for diff-rant eeds
differs significantly from the one found at thie Impulshtype rotor.

At maximum back pressure the exit Mach i-umber of the shoc-k-rotor decrease. slightly Increasing the rotor speed
at low speed conditions (n/no < 0.8)). This Is caused by the masa-flow reduction due to leading edge blockage (Fig. 7b).
The resulting change of the mean Incidence atle bringa upon an Increase of the through-fflow ares ratio across the
rotor and thus for subsonic passage flow a d•coleration of the flow with Increased rMoe speed.

If ahock induced boun•ary-layer separation occurs (n/no 1. 0.03) the computer simulation of the flow inilcetis
choking at the rotor exit. Corresponding to the discussed correlatlons (Ch. 3.3) the relative flow "ile is adjusted
dicontimouhly till sonic exit flow Is q eroteta. Experimental delte %nd the compited coukis (dahed line Fig. Ob, 9t)
conosoqntly show for hig back pressure a sudden inc9sase of rsleati Mwch mnmbr and Obelute flow egle at the ntit
of the sahok-•oe.

4.1.2 Composition of the Losses

A detea•ld comprilson of the loss coefficients, me•asred at the roto exit and th dat co"put*d4 by the
doesribsed procedure i~s given for liffereent speeds and becitpreures In Fig. Il. The computed overall losse em subdi-
vided In-to the shares due to friction (P), bow-shoek W.) passae shoack CS) sdW shock Ireue ~e*rion (A).

Corresponding to higher diffuslon the frictional Ioses generally inease with Nigher MOck Ipemore, ThN l•n"
ilnduce by the bow.-s',k contribute to lths overall losse only In the estee of the iMpulse-ntyP rotor (strog• uctiotn side
ctsebme), They Increo stlihtly for the lower trotstional spe.d becau of a stron how-shock 4aement at still high
Math nuinbwn. The bow-talck losse of the abde-rotor witth a tttrlght auction side arte neglitgible in comarso with
the estsgnltejeie of the othr loos sources.

If the lrof"A.type rtWor Is throttled • Welarkable Increaos J the lioses Is obvios. Tis4 h to be attributedi to
1%loW of the addWteonll passae e aid sM9 hoc k WW lhc cd sseparations

At deosin speed and low beck presse the everall los we estrweeoly small. No stiepaatioA Isiedicated. The
shad osse ar" e caused by the lealq di ge shoit* Inc-reasin the beck presure a stron shock Is stebIlised1 In the rotor
chinhel, which leads to a separation of the bourvdary laysis. At spill pAlr* conditions the, throttling shack and thisr a braich of the hledlng -qoso coincide. Only one shock is rooildswe f(or the dete• minatIon of the ror
saAt Iowar speed tis composition of the overall loss It comparable.

It* relatke flow In the t lo•-rtot at deign speed aid lowest bets presste Is Sroosdy throttled Nclw* of the
converging blaef pompsj. This cause reekAblAv shocks lasma. may era r sepreseted in the wmoa correlation sp&in by
assumin An addlittIna stron Sck. Inreeasing; the beckoreaseure this suock move forward The shock losesM slightly
de&reas blft *eAu of the miach ssber distrIbutIon in the rtoer blade psage. In case of maxiewin throttling the lIeadin
edge Sveet hichk according; to Mr~s-jant reposews tw he uc leasef In the asefeutsnc part of fth flow sadth vhottler
abod 6okidie aigai" Wd the laose dec"ree,

In all cae th pasag " produe separtIon. Becaus Of the convergin blad pasag geometry tiss
"aparalims learn for design spe ed so ail In eonstalaeont Us thenipuls typ toter.
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4.1.3 Radial Distr~butions at Rotor Exit

The radial distribution of the flow is achieved Incorporating the described loss correlations In a streamline
curvature algorithm, Only the separation losses are treated more distinctive: For the core region these losses are
determined wsing the flow-through area limited by two adjacent SI-surfaces and the blade surface reep. the periodic
boundaries downstream of the biading. Near hub and casing the additional losses are represented by a purely 2-0 Carnot
diffusion without accounting for the radial thickness of the annular stream two.~. As Fig. 11, 12 demonstrate the
procedure, slready discussed with regard to the mean-lne computation, also represents the spanwise distribution of the
rotor exit flow at different speeds and back pressures in good accordance with the experiments. An Iseanlropic calcula-
tion however falls especially In the case of high back Pressure.

4.2 Supersonic Compressor Stages

The capability of the presmnted loss models for the performance prediction of supersonic compressor stages Is
demonstrated here for a combination of shock-rotor and tandem-ststor. Additional examples are discussed in 18,/.

in the case usnder consideration the flow Is supersonic at the entrance of the stator. As the axial wall pressure
distribution In Fig. 13 Indicates for low back pressure operation, the flow Is still accelerated across the stator.

Increasing the back pressure an axisymnmetric ring-shock, cpnerating subsonic axial flow, Is positioned In the
diffusor /16I. This shock Is pushed Into the stator passage with stronger throttling until It Is stabilized for maximum
back pressure In the entrance region nearly perpendicular to the flow direction. The rotor flow remains uninfluenced by
this throttling procedure. The flow pattern' In the Investigated tve,.en stators thus can be characterized by three
different situations:

* supersonic flow within the blade passage In case of low backpressure operation,

0 moderate beck pressure with a strong compression shock In the satlor, a. 9. at the entrance of the secand blade row,

* (n'xl'surn back pressure with a strwng shock In the entrance rsgion and subsequent wiiaonlc flow.

For a computational reproduaction of .ho stetof flow the lose model and Ito strwiture rsnselsw unchangod
compare with the computAtlon of the rotor flows

In case of entireoly supersonic flow the loesec a" ileeribaist by the Mordorrat model, This Includes the week
pesasge shacks besing iopresented by a singesr~on Oemntrnene shock. The diffusion factor endi thus the blade tnass" are
determined meprately for the first and second Nade row. The Inlet velocities to fth second pusage are calculated as
described In Ch, 2.

It the throttling hOwk is sloihilsod Iroldo of the stator Pausage. the losses cous"d by stiock Inducd "pepration 4"
again inateilemwf by a Carnot-dlffuslon, Su the calculation of the correspoodlng critical data It Is woosawy to !twkvde all
losses o"Wging from stator entronce up to the Position of the critlual oasae" cro 'ecatlon.

the comparison of the mseoutre-d loses wA the results of tho (Mesct hed los" niooll (Fig. 14) valIdtets the Intro,
(kicd simplilfications, The low lesse for supersonic stator flow consust of shock "n vIcosity imses fot hoth blad ro*s.
tocreasing tte back Presoure modwertely the leas9" ft-r the first i11svle few roemain Co~iritn. The botsdsy.isyar asptra.
tion INIUCod by the throttling shock in the secnd la N§411 reuse adfi shar Itfncreass of the OVerall losest. With the Statof
m4Wing #t wl~lpoink coNdition, these sparation lomse -erdcd eak y bthe Dpevil passgo qioomnery. A,

slnthe ltme~s of the weond biads row ue to be akttibued (onw to a RvbAW40 diffsMiws. teo M&slisa M bewu pfeesurs
again the total lows reaches a Minimumss

The s4"tag efovinanc 4ita coWOUNIad with ith descibed oechnisys and the meseurfil volsse5 or* tompeted In
Fig, 15. 16. Withoot botk pressr Ir@ e9it Mochtvi nuber 4s suger*oniL. 110*cing It by throttl:Ng 1.0 ubsonic M#"niudes,'
In' the tlanmcisws-ccdo # deceleoration of the flow frois n wi wrence MuhcftYMusba of about 1.) toe do 4ýsmt 4vale of .1t
Is achive" This Cotefepgnd to 4aw sagestat pWesu# rsse af 1.23

int "CaOY to the los C"tlf lento a &"c Of the total pressur is registeredl and comut fornsdiw' throttlng.
The further inretase of the beck or~*ur finaelly yield% a total Dfoolke Minatioo ). The mise flow rate of 21 Imtwc in
.ecordsdice to ithe evpsrmem toi dotunninad by tOw satsiqi isaldwoc condition f tho toter. The emaagendl'sq Otags
liffilelery turms out to be1124

S. CCW'ELISVJ

ira any appliction of *issarsonic C'Atprovwso the parfurmenca of tiws. tonipwnae at off.*"go Opood is a
cetral spe0CL.Intithe o ~raaa paer5 elfiffostAl en cowopatetohol results we dlsctved with respiet to a Pr~e'lotion
Of fte PKIfuna"We af eP*Noreosc eo*Wpsessor, tit OOs Me1n ht is tfssaroll oppleecs' surtad ItIn todditW to the
coswftrely used loo ctrruslotlote if" faollow4 phenomenA vlitisgh f 91Mloa i*51uwwoC am casidere,

SMe1ilofsl ftek is lesse idced by beck ptfseao 6M~

blade WocilWIP hdlse*s*cA~d c yftti a CW A6 b6M~h Wte oetsibilsd w" Iels vod F.low
04044LI 1NO&VCtsmP~soom Vede tt 910cMWtf s K w sioywtetdmo ~fai
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comprestsors for low qVeed conditions at a new design, severe problrem can' be encounteried durng the starting
procedure.

Based an this experience future efforts can either concentrate on further Improvement of efficiency nd axial
length or cope wj-th naw conceptions of supersonic compressors Implying a runarlcwab Increase of premssue rise by a
design wIth diagocAl pitch line.
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l_ VulSe-tY~e shock tandem-stator

rotor rotor cascade 1 cascade 2

stagger P/ 38.5 38.8 18.ý 1.

Chord A.,V/ 113. .. is8 6. F. 61.7

solidity -I 2,37 2.42? 3.25 3.13

max. t*ilckness fIm 5.2 7.8 5,5 4.6

asoect ratio / / 0.31? 0.309 0.1'26 0 373
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.' £7 lttt••'ut•ole

,,rotorl~C j~ledl/ .d -oo pod n

t7 1 - £•- -

(45 46 I. Q8 Q9 to 1 4t o6 th ad 9 -,,,oto.

so 60-

Sol '00'.ed4,12? pe /

-44 46 al QO 4 0 II 45 46 t e Q~ o

War~~ "dot"o
Fig. ft: RiAbt~v Mlow "#mbe at1 kh. Wxt of ths h yioie pa ora

Fig. ftOb: o Nowtiv Machnql* It th* wat of Owe aiwok.!tor



experiment loss correlation orow

n/no~L * , ~n
Anlho - 0937 0 Ln/'o 0 31 §J1y z

T shock-rotor impulse - type

0, -A ='seporofion rtor~
0,3 (shock induced)

S =shockA

P - profile

-SS

CA

Q, A shock induced

5S Pprofile

S

stat pressure ratio p2 /pl -- a stat pressure ratio p 2 /p I .- ip...

Fig. 10i Overell laws. of supersonic rotor*

*Z irn pulse- type rotor t "x-,0 imputse -type rotor nll :0, 72

kmputlobon - - -cornpuloh ofi-

"A "n'Op",

1,0

e ~ ee RA%--

0,7 7S

[SPOe"Wise direCtion r/r1  --- f *pnwist direction ?/1 -t

Fig.lit Radial dlarteiUon o athe reIlstve omit Mach nusmbv OImVUa.type rowo)



9-1212,25 hck oo n/nc 1,0 r2,25 !c-oo n/n0 :, 3

:1 c mpuf L~on unt ro I ed -throttled 2 Cu nthrottled throttledcomputation 
- compuota iOn -* ~experiment M 

a'eprmn ______

a ,7 1,7

0,7 
0,7_-

is*t .0

O' *09 , Os 0909 ,
Cpniedrcin rr -a ~ nie drcinrr

305

"040

to . i10200 0 40
axial direction --- P

Fq1% Axial weall ptsuur distrbution of a supersonic comiveeawsto w



9-13

experiment

theory

t

0,4
profile 2

- with
separation

30

0 O,2

profile 2 profile 2

shock 2 sh. 2 Profile I
0,1 with

profile 7 separation

shock I sh,
O0 2 3,

static lPressutre ratio P133p,

Fig. 141 Lo•me In tandem-statore

experiment

1 theory

unthrot Wed

*;'

•. maximum

S0 2 3

• ~~~static Pre~ssre ratio P/a •.

S"' ig. |1S S4JpSe.Q COT~e.6 stge cE~t Mac mm~ for diIfotA& back prusl•'.

S•' 'i

• -. ,._ . ...,2 -::•.



9-A4

-experim~ent
theory

Maximum

unthroittledb
3,0 bcpest

cv2,8 L-

'2,7-

cL2,5 -

~2,5
2 14 2 3

static pressure ratio P3/Pt --

Fig. 16t Supersonic compressor stage: Pressure characteristic

In wichwayare ou andingDISCUSSION

In wichwayare ou andingthe unique incidence and choking conditions for a particular streamline in your through
flow calculations?

Aufthos Reply
We have two computer codes: the first is a mid-span streamline code, which calculates thc Integrated choked area over
the radius and diminishes the effective frontal area of the rotor accordingly, Thei scond code is a streamline curviture
code where we first look at choking for each streamline, and decrease die mass flow if span-wise choking occurs, and
the Mach number Ii not totally supersonic across the span.

Pj~bOCUr. Fr
Is your code able to handle. for one streama tube, multistage compressors?

Atathors Reply
We have applied the code to a rotor-stator combination with several stator blade rows. I would think that we can do it
for two stawsalthou* we have not doneIt yet. It isjust umtemrofiaLo ucinggmore 'Us"intheprogram.



I;I

10-1

ANALYSE DES PERTES DUES AUX ONDES DE CHOC P

par Antoine FOURMAUX at Alain LE MEUR

Office National d'Etudes at de Recherches Adrospatiales
29, avenue de is Division Leclerc
92320 - CHATILLON SOUS BAGNEUX

RESUME,

Dane la conception de turbomachLnea de technologle avancfe, l'un des
soucis constants eat Is riduction des pertes induites per lea ph6nomunes a6ro-
dynsmiques.

Tras schimatiquement, ces perses ont trois origines

1 - Pertes lite& au choc de bard d'attaque
2 - Portes litge au choc principal de recompression
3 - Pertes de frottement, lites A l'6volution des couches limites.

Four des conditions d'entrte ot de sortie donntes, un dessin Judicieux

dee profile utilisfs pent permettre d'obtenir un niveau minimum de partes. Afin

de guider Ie deauin de profile I performances optimales, divers travaux A
dominante expirimentale cut itt mentu rtcemment A I0ONERA. at cat article a*

propose d'en prtsenter lea r6tultats essentials t

- choc de bard d'attaque o influence de Is forme du bard d'attaque cur I& trace

du thoc at son impact our l'•xtrsdos do l'aube inf6rieure

aa- alyse exp6rieentale dttsillie d'un montage eimulant un soul canal Interaube,
et deatinle I valider c*rtains principoe our l'interaction onde do choc -

couch* limite en turbouachines,

- analyse expirlsntale global* d'une grille d'aubee dont lee profile ant 6tG
conqus ep6cialeoent pour minintser lee partes lite# eu choc do recompression at

lee parses viaqueumee.

Tons coo travaux concernent des tcoulements bidlsensiotnels, Un accent
particulier sera mis cur l'utilieation alternue des rtthodes th6oriqueo do calcul

et des ufthodes .xprimentales.

ABSTRACT

S•OCK WAVES LOSSES ANALYSIS

In advanced technology turbomachitinry design, reducing aerodynamic

lose.. it an Isportaut metter• Sche-mtically, these losses havA 3 origin

I - losses rtlated to the laeding-edge shook

I - losses related to the .*in-coepreeasoo shock

3 - friction losses, related to the boundary layer avolutotts.

For given inlet and outlet condittons, a judicious designing of the
bled. profiles my inducte a ulntaim loss level. In order to eucclypfully conclude
such a design, som rather experimental work has recently Wan catried out in
001tA, th* man results of which vilX be presented In this paper i

- loading edge shock tthe Influence of the loading edge shape cc Che shock and
on its tmpli#neeot co the loner blade auction surface,

- *Xpetiehstal hnalysis of a single blade-to-blado passage In order to validate

certain P&Rnciplea coMCerntiR eGoCk/Jb0id4VY layer Interaction,

- exprritental analysis of.& eaes Ia t hich the blade profile is Specially

de**Iad to il.ttine the loosee.

All those projects were done on tuo dimoesioual fl•w. The elternate uec
ot theoeettcsl sAd eaptimantal sethob will be emphstad.

4 Travail offactud sous coatrat SHgQ4
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1. INTRODUCTION

Ce p'apier a pour but principal de donner one analyse, sussi dgitaillge que possible, des pertes

dues aux ondes de choc. En effet dens Isa conception des turbomachines de technologie avanche, l'un des
soocis constants eat la rgduction des pertes induites par lea phfinomanes agirodynamiques.

Tras sch~matiquement, ces pertes ont trois orngines

I - Pertes liges au choc de bord d'attaque,
2 - Pertes lifies au choc principal de recompression,
3 - Pertes lifies A la viscositA do fluids (frottement) y compris linteraction avec Is choc principal.

Pour des conditions d'entrfie at do sortie donnotes, on deasin judicieux des profile otilisado
peut permettre d'obtenir un niveau minimum de pertes. Af in de guider le deasin de profils A performances
optimaleo, divers travaux A dominante expfirimentale oat 6tf mongs r~cemment A l'ONERA, et cat article me
propose dWen prasenter lea rasultats tssentiels

- choc de bond d'attaque :influence do lIa forms du bond d'attaque sur Ia trace du choc at son impact sun
l'extnmdos de l'eube itaffrieure;

- analyse expfirimentale dfitaillfie d'un montage simulant un seoul canal intensube, at destinfie a valider
certains principes sur l'intenaction ende de chac - conchs limits en tunbosachines

-analyse exp~rimentale Slobale d'une grille d'mubes dont lea profils ont GtA conque spkialement pour
minimisen lea pertain lifts au choc de recompression et lea portain visqosuses.

Tons cam travaux concernent des ficouletents bidimensionnela. Un accent particulier sara mis our
Il'tilisation slternnie des m~thodes thloriques de calcul at des m6thodea oxpfirimentmles.

11. E'PETE DUE ADl CHOC DETACHE DU BORD D'ATTAQUE

2.1. Rappel das phfinomanes

11 eat bVen conno qu'un ficoulement supensonique attaqoant on obstacle qui prgsente un flea
Amus provoque one onde do choc qui ma dftache devant celui-ci. L'houlessnt aval comporte alone dane

is Ortzion frontale on domains mixte sobsonique-transsonique plug ou omain compliqu6 [1).

Cette onde de choc eit accompsgn6e d'one augmentation d'entropie life au nombrv do Mach
incident at A 1'Opaisseur do bond d'attaque. Coal so tradoit par one bolosa do i$ prossion d'arrat
diff~rento pour cheque filet .1. courant.

Cog portes sont Whoniquewent prises en compto par lea m~thodes qui r~oolvent leg 6quations
d'Huler maimsmoot an fait moqvont ignorhos quand Is type do smillage uttlist West peal soffismament

raffin& au bord d'mttaque, ce qol eat pnatiquament toujourv I isca pour lts subs. supersoniqoes. Clest
pourquoi, dens one Stude sphcifique. Vaon mvalt dimmociE I* phhnom~ne du choc d~tachS do calcol coaplet
de l'Ecoulemont autour d',ino coops, do fagon A l'Atudior maul et do coanattre sinvi goo influence propre
sonr lea performances do fa~tte coupe*23

Dan.i io cos Ounoe grill. d'mubes (figure 1), Is prOsonce do bards d'attsque arnondis (plutat
quo pointue) entratne tin* mnodification do lgcoulosant amtoat par l'apparitlon do portoasuoppl~Amntaires
duos mu oboe ditacb6.

El do plus, on pout 4ppliquor A to grill* 1. concept d'incidoeno unique, on bard d'attaquo6souvg# tend A augswntor l'angio agent, pot modification sa~iatniquo do I& moos do cmptetton. on rappello
lei siaplemeat quo 1.- phenos~an d'inctldonce unique nimulto do V0indpendanes do dostalne amonc par rapport
out doacsla oval -cvtte ind~pondance e)xistant mous cortalnem conditions d~critagen 133-.

Slott qua, too. con ph6noubstoo solant intimmaut Ill., 1Pellet d'un bord d'attaquo arrandi par
capport A un B.A. pointu pout Wet il1doub6iS

- toot d'aberd uft allot d0 A 41.autmentstion doo portes A v.-avsrs 1h ohoe do bard dlattsquo i t d~bit
maximuts oat viduit, at Vilncitdmng uniqus volt ma velour mumantar.

- oniutite on aflat diroctasont dO 9 Uo modification do Is tgooteistn t 'lnctdencmo enique oasemnte. Cot
mf tat a Ut6 analysE par Starkon 141, dons onti ituds oymtaostiquo d, 11nlulntiom do l'Spoloomun d'subem
to forms do plaques (ll6psisgour do bord dlattaqo. Etaut rapport$* mu pam dot Le gtille).

Doen cotta Etude, soulo ia-lo tout* petite parttI des pertasinvt primoalon cotapte at c mint
*smastielletant t'affat do Is glomtktlo qul apparatt our lamt rimotltato proposEo.*u moosLon d'Abequos tege
utilam pour avuir one boa*n approximation do I'iqftuooca do rayon do bard dljatkaqu*.

L04tudI. deja citts an rllirone 121 falt reavorilt 114fiet do cumot dem port*$ dO aux branch*$
onntsftoo do# nodes do chot: ditaebits qui ramonteat l'Ecoulosent. Catto parts chiffrable correspond A on.
variation do l'incidonce unique par rapport I on coo ca too subat maraimni pointuoo. Youtefole Cot offet
4m as falt Vrsumont a*ntlr. qUa pour des nambroo do MCAh *Stu% 00 suplriture 1 1,4. Ainal on tauto riluour
11 taut ýcomulr I". doom effete (glcaeLttl at partoo) pawr obtsonit n oemotivatit~o Corrt. do 44 11 idaac,
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P1,

Tj0

Fig- 1. CONFIG2URATION DU SYSTEMSR D'OkDE DETACH~ES t)AkN UNE GRILLE D'A2UZ

2.2. Rappel dui priucipe dleatiination do# parts* do bord d'attague

La calcul, comes 11 eat indiquA dons 121 consists d'abord I d~teruminer aussi finement qua
possible Is chomp do i11coulemen cr66 autour d'une plaque plan* isole. pour in noabre de, Kach A Ilinflal
"oafnt at ice 11paiseaur dounni.

A cat offet on utillso un colcul pgoudo-instationnaire dana 1s r~gion du bord dlattaqiie
suffiosaaant loin de is litne sonique pour quo 1. champ da vitasee r~sultant soit franchoeaet
supersoonque. La calcul eat alore pouraulvi par Is w~thode do@ caracttriatiquae.

So to plagant ouffissamant loin en aval de fagon A ca quo Is choc voit devonu 11vanoscent, on
pout &lore obtanir par intftration do Is preation 4darrlt locale R~ ('g*) I& paro s oyenna relative d'un
tub* do courant do d~bit Q. captE aur une hauteur A~ I partir de Is plaque salon lIa formuls 10diquis, cut
I* plsanob n* 2.

9(y)R~y dy CO O M.

Q(y) pie O$t

Z(Ny)

I V

n.~~ub do 8O)M nMZ
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2.3. Application aux coupes dlau.)es supersoniques

Lea rfiultats obtenus par !a u~thode rappelge ci-deasus soot appliqu~s aux coupes d
t
aubes

sliperaoniques ; deux cas distincts sont alors A envisager.

2.3.1. Laertes Ll
t
entr*edea ri e

Dana 1e cas d'une grille d'aubes, i! y a lieu de consid~rer routes leg branches no parties de
branches concernant cheque canal interaube. La planche 3a illuatre bien cet offet oti l'on voit que pour
un tube de courant £1 faut prendre en coepte toutes lea parties de branches d'ondes do choc auccesaives.
La calcul montre qua ceulee quatre ou cl eq branches soot A considgrer au maximaum.

2.3.. Pertes totales,~~o~rod deco

Pour connattze Ia parte totale dane une grille d'aube provoqu~e par l'onde de choc d~tach~e au
%bord dlattaque, il faut tenir compte en outre selon la configuration 6tudi~e de Is branch. inftrieure du
choc issue du bord d'attaque de l'aube supfirieure (planche 3b). Coaiue il eat indiqug dons 12] Von
adnettra en pramiare approximation que le suppllment de pert. provoqufi par Ia branch. inflrieure eat Aigal

* 41 celui doann par la branche suplrieure du choc.

I?= P[Y)/Pg0

Pas P i
-- - h

U.. PURTS A L'ENThE bUNZ GRILLE DIAUBE

pit

Wh PEUm 'WALS PROVOQUU DAMS UNIE GRILLE PAR LION06 DE CUOC D&TACUIZ
FI'l. 3.

Los vioultats proaotn un toopto lea44 dffireutoo broachtii Waonda do dboc pour uO rapport l
donail goat "r~speotati our Is plonclse ft

3. AMULSE TIIEONIOUI gT IXFSANRZKX1ALL E 06LIMN~ACWN ( OC-C04JC)IA LIMITE UANM UN CANAL AMNSON:ýnIE

(MonocaftAi)

3.1. lut rechorcht

a) tout d'abord toher tiaretso thlotique.Otto protil slialami; I"g part"o due.ss aux ofets viaquega does un
canal do grille d~autboo transuoonque,

b) nosutte. Is validsldaq eitgrtiontai. des l4#&.j at des onSthodas do tacatul vitee so oouvro does

L'opitlaitattoo d'un ptotit dolt Akre vavisajta globeheeset i Is g~otria, *gntrls 4u canal
vaivverne 1vismawt Voosesible do lIsueant, asias *es bhfoaevos locaux tole quo ditthtsclW~st do chot
do bordi 4'ttatius. 111patsitalsomat des couches llaittas oast Use iopotteaePA# nois eiigeabie loraqu't
s0sa1it d'aupsntet l'fietscaitt do 1* grille- Le. coe$.~azLt du #nobibs oat sccruas oat Is fait qua tousC44 $16"Otaagsatls taasA SU or Imt oMintte"..
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3.2-2. G owitrie do l'extrs~doo dens 1& tone d' interaction

La couch* limit. &ttachfie eat donc connue juste i lsamout de l'interactioil. De 11, un calcul en
mode inverse eat sent. La donn6e de ce calcul est une Svolution du coefficient de frottenent pariltal
en foaction do l'abscisse curviligne. Dana Is rlgion do choc, I. choix de cotte 6volutioa cot fait en
utilloant divers crtitres empiriques (5]. Deux r~sultate importantg sont itsus de ce calcul

a) une r~portition do vitsbe *our I* partie a de l'extradon, dona laquelle une forte compression

traduit l'iapact 4u choc principal fig. 5,

b) une fivolution do l'&paisseur de dlplacement do Is couch. limits (qui sera utilisie pour dlterainar Is
* ~gloeltrie rhilo du canal).

La ripartition de vitosse ci-dassus eat &lots introduite c0C28 donnie d'un calcul de fluid*
parfait on mode Inverse. Dons co type de calcul, It dlbit eat conacrv#. at Ilon obtient If gEomnitrie de
Ia ligne do couranlt correspondent A Is provo sattriolla, do l'extr*odo 46plac&e do 4F (paiosur do
dplpacoment do Is couch* limits).

14 zi so

ia DeL"ITWAPS SItflqgt ill Itht? lum~ Poo LA CAw~L tAltI1"

L* ferol u ter 4.canol -jui alm.o.c Vtoldoo- is Wt dA*irslfM. Vsc t~oviho# e ~ i
* VA lAd to icakeul (WWOd Pattatt as made wo.'a tt ("~. t, o ver#*t0 pour la rarqit Wkeo qu sc to. cc 41 4lu

C boe). a& sto Vt . 4SCaifi our tetit poeel oat fat. pet PatU ;t*ocuk do0 CouW44-kI.Ioov at aia,

to gtooItgit d~twittcvt 90 C0041 @aat Cofin etooooo "~ trs~oslsiast do 1I eleneor IM
d4,600Odec Volta parOIe fidela, WMolAX 4*0 0ai0916 40 thAids pesltoi

V.as"pe float 4.U cCSVA Ott Otgoo. itI out IA !ig. 4.

It10 c"ojltio"i #k~t~itlicW e Is 4# 1 stffeta utillels 40"#t 'U& *bwM~e 4. Ulwiadi pboawcl 4,0 C",l

t~camo dies lams, malle oat. llio P.6.1k.d.wtae*14 e.s"O t aLIWS

Coll oo U*O~tTR# t Me- t.20-

a ee*0.1so sk

eaowsos - 0,3M0 a
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de compression (choc droit) doit 11tre au plus 6gal A 1,32 environ. Cette veleur correspond A un sent de
preasion au travers du choc tel que la coucha limite ne dtcolle pas.

D'autres critares (tel que le critilre d'aaorgage) et difffirents param~treB (nombre de Mech et
*direction de l'ficoulement amnat, contraintea alicaniques), sont aussi pris en coapte pour is. d~finition du

prof ii. Celie-a! a *t6 r~alisle & i'aide de mfithode de calcul de fluide parfait, en faisant largemeot
appel an mode inverse (6].

4.2. R~suitats d'easai

A partir du prof 11 prAcident, une maquette de grille plane a AitS rfialiefie, puis essayfie dans Is
soufflerie SS0h de Chalais-14'tdon. Le nombre de Hach aicont eat 1,42, et lea essais anot Wt menle en anue
d'obtenir un taux de compression supiricur A 2. Lee r~glages du vannage aval, ot du niveau de Is pression
dana lee caissons d'&apiration latkraur oa dfibouchent lea piIges I conche limitl, pariftaux, permettent de
faire varier A is fois le rapport de premasion atatique de la grille ot le nivean de is convergence de ia
"vems.

Les rlsultats lea plus importanta, tirns des nombroux easais effectuia, peuvent Stre r~sumhs
dans le tableau ci-aprAs

Iteux do convergence i rapport de rapport de
I pression statiquel preasion d'arr~t

I 1.00 I 2.10 I 0.954
velue bidimensionnelle I 0.991 I 2.08 I 0.949

0.962 1.9 0.95a

10316 2.21 0.955

0.964 I 1.945 I 0.944

A no tens 49 compression statique do 2,1 aoce one *fficacit6 do 0,914. Usne coupe do rout mobile
cladesat oonraiqu do0096tclost-A-dtro des performances rsteas

Up aays op~opretdko dcposor lea pert.. do prsie 4*~ qigu d 'o rdre do

-ta obiqe a t&hcdot(etmto perttr da colt al non visquena).
e boe ditacb& do bord 4'ettaque (estimation dlapr~s ref. (21).

11 sat trA. difficila o r. narcrher desn penceo plus faibl~o en eoffet, too couches limits*
*out dij& trio winces. pratiquesatut gane ekioll..mnt coepto topn do Is foible Intonsit& do chot principal
I 1'extradaa COWN A 'lntradoao 11 tot impossibl, do r~dulro davantss Is eumbra do lKach d. o as at
Prncicpal (1,3 Wf 46Y~Ono) "san OUPkhr l'anto-emnrqsA. do Is grille.

to onuso 11 Weast toare plautsibl. d'enviasolo an nivsa dwes applications industrioilos 4do
profilt aydnt des bords, Vottsque plus winces. htbe, 1*4 parfoatsumes vaeurge* daao Coct.e Sillat torn..-
Powatoe A do* Valturt Vlaieoe~bleesat Gottealah.

C.OtiNSIOWA

AtIft d'apportroat uu sde 4 16 coaaeptiza do* tnrbooschines a yssi do besets perfosaaecso, lee
dli ftruols sources .doparto. qui apporelostet dons PIcoNloeaoa & Iik tcsVsra d'oa. grille PanbeeI eosporeoai4m "aet Eit rowp s ai. t seaaltse.

V accant a GO VAlS penticoltaueoot Sur lea pact". due&, lamaed do chat datocue, Pro"eenq
per VartoAdi do batd d4ttcoquo.

* ~~Par eAllonro des Printipts d'optilosatica. "411t pour but do r~dutro lAisteoltA du thee
OAAIselpat qk WAse lattacstion avat Is coucho limit*. out 4.4 AWalqulkot vaMid" dsae .In 0 41yo
CoAsA 1AtWAabW et Pont &rills d#Aub*S "VAecolU4.

Al . U WkINI
tam lUMkdfnetiae24$-az 3"S(t9 C3.
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EXPERIMENTAL INVESTIGATIONS ON SHOCK LOSSES OF TRANSONIC AND
SUPERSONIC COMPRESSOR CASCADES

lIF--- H.A. Schreiber

DFVLR
'I Institut fUr Antriebstechnik

Postfach 90 60 58
fO s t S5000 K8ln 90, Germany

The losses of transonic and supersonic compressor bladings are due to viscous effectsI and due to entropy rises in shock waves arising in the entrance regions and passages cf
the blades. Depending on inlet Mach number, inlet flow angle and back pressure the shock
loss level reaches 40 to 70 percent of the overall losses. Most of the loss prediction
models in use consider viscous and shock losses separately. However, very few quantita-

* tive experimental data of shock losses are available to verify these models.
In this paper a separation of the viscous and shock losses is performed by the analy-i•1 sis of wake measurements behind some compressor cascades. The cascade tests have been

performed in the inlet Mach number range from 0.8 tol1.7.. Detailed information is pre-
sented about the shock structure and the region of shock boundary layer interaction in
the blade passage of a supersonic cascade obtained with the aid of laser anemometry.

NOMENCLATURE

AVDR axial velocity density ratio -•2 w2sin$ /(PwisinOB)
h streamtube height
1 blade chord length
M Mach number
.15  isentropic Mach number - f(p/p
is Mach number upstream of shock 4ive

M Mach number behind shock wave
p static pressure
pt total pressure

total pressure ratio across shock wave
a t blade pressure coefficient (ptl-p) /(Ptl-Pl)
Re Reynolds number
rLE/l relative radius of the leading edge
t blade pitch
t/l pitch chord ratio
XLE distance downstream of the leading edge (x-axis tangenting the blad8 surface at

x/l relative blade chord Le-lO mml direction 0-150

y coodinate normal to xL -axis (Fig. 14)i/h normalized coordinate 6ithin the streamtube

flow angle with respect to cascade front
as stagger angle
a5 flow deflection across shock wave 6 a 60.- 6
q . coordinate in tangential direction
( total pressure loss coeffioient-(ptl-Pt 2)/(Ptl-pl)
we shook loss coefficient

inclination of shock wave
C2# distance of downstream traversing plane (normal to cascade exit plane)

INDICES

I Uniform inlet conditions
* 2 unifore outlet conditions

20 con4itions in the downstream traversing plant

I. INTRODUCTION

Improvements of fan and compressor performance require a continuous increase of the
aerodynamic loading of the stages. The components are designed for higher through flow
velocitie4, higher rotational, speeds and higher pressure inorease of the blade rows. Due
to this the velaeitisa relative to the blades. iacreaus to transonic and asuprsonio
speeds and shock waves ocour in the entrance region and passage* of the blade rows.
Advances in the design of Aerodynomically efficient. blades are klependftnt on obtaining A
coapreehoe ve understanding of the lose ieohanis of the transonic.and supersonic flow
fields iith embedded shoak waves. The shock wave pattern variao considerably with in-

For ttansonia blade sections up to relativa inlet Mach numbe•r of .O.principally a
"..normal shock wAv" occurs in the front part of the blade.. Even so-called ouercoritical
'blades, which re"designed for shock free operation, May have at least weak shook .WAves4

"At supersonic speeds (MHl.0) a detached bow shock develops In front of the, blade.
leading. .4•a passing ov. to an oblique shock. which propagat- upstream of the succes-
sLVe.b iMoas. At the blade passage entrance the bow wave passes over to a quasi normal or.
oblique paskagc shock. Depending on back pteosurs a mecond nomal passage .shock or .
obli4ue tfailiag edgo shocks mayoccuir at'tho rear pat of the blades.

• . --. :.
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There are several papers, which deal with the determination of shook losses such as
C1-6], however, they mostly describe only one single part of the shock waves as for ex-
ample the bow wave or the first passage shock. However, in many applications the shock
wave pattern is more complex. For example the structure of the shock wave and its
strength at the blade passage entrance-or within the blade passage is strongly influ-
enced by the interaction with the blade surface boundary layer. The shock induces a
boendary layer thickening or may even force the boundary layer to separate, and due to

To study all the complex transonic and supersonic phenomena with shock waves and

I shock wave boundary layer interaction, the cascade model is a rather simple but very
useful tool. Due to the stationary flow and a good accessibility to the flow field, the
fluid mechanic phenomena can be studied in all details.

In this paper cascade measurements are presented, which deal with the determination
of shock losses in transonic and supersonic compressor rotor blade sections. The first
part of the paper describes shock losses which have been analyzed from wake traverse
measurements downstream of Multiple Circular Arc (MCA) blades (MI-0.8-1.2) and so-called
pre-compression blades (M =1.3-1.7).

The second part gives &ore detailed information about the shock structure and
strength within the blade passage of a supersonic blade section with an upstream Mach
number of 1.53 and a separated boundary layer.

The presented data may help to develop more realistic analytical and semi-empirical
loss models, or they may be a basis for the verification of more sophisticated computa-
tional blade to blade methods considering shock waves and the effect of shook boundary
layer interaction.

2. EXPERIMENTAL FACILITIES AND TEST CONDITIONS

The tests have been conducted in the cascade wind tunnels of the DFVLR in Cologne.
The MCA blade sections were investigated in the transonic cascade facility [6,7], which
provides an inlet Mach number variation from M,-0.2 to 1.4. The pre-compression blades
were tested in the supersonic cascade facility, which allows inlet Mach numbers from
Ni-1.3 to 2.4. Both tunnels are closed loop, continously running facilities equipped
with flexible supersonic nozzles. Suction systems are available to remove the sidewall
boundary layers within the blade passages. Wake flow measurements at midspan position
ware obtained by traversing a combination probe for static pressure, total pressure, and
flow direction. Two neighbouring blades have been instrumented to measure the surface
pressure distribution, one for the pressure surface and the other one for the suction
surface. A Schlieren system allowed Lhe observation of the shock wave pattern and helped
to check the flow periodicity. A Laser-Two-Focus (L2F) velocimeter was used to analyse
the transonic flow field within blade passages.

3. SHOCK LOSSES FROM WAKE ANALYSIS

3.1 Experimental Procedure

The measured total pressure losses in the traversing plane; downstream of the cascade
consist of all viscous losses and losses due to the entropy rion In the shock waves. The
shock losses arise in all parts of the shock waves intersecting the stream tube enclosed
by two periodic stream lines as sketched in Fig. 1.

In a measurement plane behind the cascade, which is not too far downstream, the shook
losses can be recognized outside of the turbulent wake. Assuming a wake mode, as shown
in Fig. 2, shock losses and viscous losses can be separated. This figure shows qualita-
tively, how the measured total pressure losses along one blade yap k like. if the
extension of the viscous wake is known (point %, and % it a re aively easy to

separate the losses. The assumption of a linear ariatilt of the shock losses across the
wake, as a first approximation, is sufficient to obtain the correct order of magnitude.
The wake root points are approximately 20-50% t left and right of the wake centre. The
wake width is dependent on the stre•awise distance to the cascade exit plane, but also
on the magnitude of the losses itself. Due to thicker suction surface boundary layer or
due to separation, normally the wake is asymmotric. In any aase, the measurement plane
should not be too far downstream. The reduced data presented here, have been obtained
from traversing planes which are approximately half a gap or less axially downstream of
the cascade exit plane (t2,It<0.5).

3.2 Transonic Blade Sections

Au An example. for transonic blade sections the results of two rotor blade sections,
having MCA blades, will be presented here. The cascades have been enrived from the rotor
blades oeta DIVLR transonic comprestor stage, which was investigated in detail using ad-
vanced-testinig techniques 1 3. The L030-4 cascade corresponds to the blade section at
45t and the L030-6 cascade to the 060 blade height secti8 n. The ilgdes have a relatively
low aueton surfacoe curvature and a blade eajuber of 14.9 and 7.86 raspectively.

Generally transonic blade sections are designed for unchoked inlet flow conditions.
In this am#* inlet Meach number and inlet flow angle are inde•r*ndent parameters and thus
the arising shook losses are also a func :ion of R4ich number. and flow angle. (Mlow
configurations with choked flow and reduced back pressure, where shOoks exist behind the
throat aross section, will not be analysed hers.) The driving parameter, of courts, is"the upstream Mach numbor. With 4noaeasing ihlet .velocities,. there Is a gradual rise of
"the total pressure los1es induced by the occurance of thook %ave5 ir 'the entrance region
of the blades- Those shocks appear, when thi flow around the blade. becomas seUprcritiCal
at a speciail inlett Meeb numb~er. -With. inoýesp )!soh nuber4 the. local' -.upe*eoaio atreas,
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on the blade suction surface also increase and the extending shocks move downstream up
to a position near the leading edges of the adjacent blades. At sonic and supersonic
speeds, these shocks are emanating from the cascade entrance ar.:. infinitely far
upstream (see Fig. I and Schlieren photographs in Figs. 5 and 8).

Figures 3 and 6 show the measured overall losses and the sepa.rated shock losses for
different-inlet flow angles. The gradual rise of the overall losses with Mach number is
primarily induced by the shock losses. The viscous losses, whinh are the difference be-
tween overall- and shock losses, seem to be not very much dep:.-;dent on the inlet Mach
number.

Increasing the incidence angle, the level of the shock losses rises continously in

the whole investigated Mach number range and it seems, that the viscc..s losses are not
very much influenced. It is presumed however, that for tLe high positive incidence
range, this type of wake analysis overpredicts the shock losses or tCiat the measurement
plane was too far downstream (4 /t 0.45).

A comparison of the losses for the L030-4 and L030-6 casade shows no essential dif-
ference in the-behaviour, but due to the higher front camber of th- L03U-4 blades, their
shock loss level at sonic and supersonic inlet speeds is .Uigher. The difference between
these two blade section is clearly demonstrated in Figs. 4 and 7. Here the shock losses
are calculated by a shock loss model similar t6 that one of Miller, Lewis, and Hartmann
[1), but considers the influence of the detached bow shnck wave and the influence of the
inlet flow angle by a stagnation streamline shift [2,63.

The mechanism of inlet Mach number and inlet flow anqle on tie shock losses can be
understood by looking to the blade pressure distribution and the corresponding Schlieren
pictures in Figs. 5 and 8. The Mach numbers in front of the sheik waves increase with
inlet Mach number as well as with rising positive inc.dence. The blade pressure
distributions also indicate, that at least for the subsonic cases, most of the flow
expansion occurs near the blade leading edge. This, however, is very typical for pro-
files, which are rather thin and have low suction surface curvature. Rising the incidence
angle, the shock waves in front of the blade passag.-s become more normal and the inten-
sity of the bow shock waves increases.

An always interesting question is, whether the shocks ar.i unstable or not: The shock
waves in the investigated flow range are very stable and no unsteady shock-wave boundary
layer interactions have been observed. It is prosumed, that the shock waves, which are
relatively strong, have their well defined position in the flow field around the MCA
blades.

3.3 Supersonic Blade Sections

The fundamental characteristic of aiuperjonic cascades is a fixed relationship between
inlet Mach number and inlet flow angle (unit:'e incidwnce). Beyond a special upstream
Mach number, when the supersonic flow of the blade passage is started, the inlet flow
conditions are fixed and independent of the prescribed back pressure. Thus, the losses
of the oblique shock waves and bow shocks ahead of the cascade are constant for a given
inlet Mach number. However, the shock pattern with'li the blade passage and exit plane is
dependent on the back pressure, and .he r~sulting &hock losses can vary considerably.
The analysis of the investigated supersonic cascades presented below, however, will con-
centrate on flow conditions of maxmum asttainable'back pressure only, because this nor-
mally corresponds to the design flei ciuditions.

ARL-SL19 cascade
The analysed suporsonit compreseor cascade was derived from a rotor blade section of

a high-through-flow transonic ax.al *iopxessor of the US Air Force Aero Propulsion
Laboratory, Ohio 19]. Tb!.s casca4e, oorreao-3nding to streamline 19 of the compressor,
initially was designed and tested by Detroit Diesel Allison (DDA) 1101 and later
investigated atOMEIRA and DPVL:; in a joint program.

The essential design feature of this profile is a concave suction surface curvature
in the front part of the blade, resultinV ir a deceleration of the flow already upstream
of the blade passege. These - called pre-copression blhdes have lower Mach numbers
ahead of the passagb shock a i tnerefore lowes shock loviss. The cascade has a design
Mach number of l.'16, a blade c&Wor of -2489 , at an oxtreoe thin leading edge
(r /l@0.00128). Due to the near.y ponted leadinq edge, the contribution of the
deRched bow shc:k to the leser is relatively arall. ,The Schlieren picture in Fig, 9
provides an imprussion of the shook ,svo pattern of the ARL cascade at an inlet aich
number of appro-imately 1.43. It must be points- out, however, that this Sohlieren photo
belongs to a taet series, where no iidewall-Ruction was provided and therefore maximum
static prsesur.t rise could not be achieved. Th•s, the shook pattern in the exit region
is not typical for the data presented- below.

A characteristic feature of the pre-compression blades Is an oblique shook wave,
which develcis in the blade entrence region in tagential direction. This so called
pre-compression shock aris*4 due to ai overlapping of the left-hand running. cheractarie-
tics emanaring from the cioncave bladu contour. Its contribution to the showk loses,
however,.i- rather small. I

The main contributic., ýesults from the relatively strong first oblique passage shook
and a second wtak noml shook as sketched in the upper part of Fig. 10. Due to the
stronq pressure increase in tha first passage shock# the auction surface boundary layer
separates and a IamJa shOok develops above the-separated region. This region of
interaction increases on the one hand with rising inlet Mach-numbeus and on the Other
hand with. Inoreasing b•?k-presure-.

Pig. 10 providea the measured overall losses, the analysed shock losses, and the sor-
responditi static pressure ratios of the AtDI caseade for-upatream Mach numbers up to
1.1. The continuous loss increase vith Nach- number, t~ain, tL p•iairily * function Of
the shock 1"ase. for comIArion, calculated. ahook losses are plotts4 infto this diaram.-

- m,---. - . ..

. -. - -, . .. .
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The upper solid curve represents the losses of a normal shock wave ahead of the blade
passage and the lower dashed line an oblique shock wave with maximum attainable deflec-
tion and nearly sonic conditions (!4sl.O) behind the shock. For high inlet Mach numbers,
the experimentally determined shock losses tend to the solution of an oblique shock,
whereas the tests with Mach numbers less then 1.4 tend to the normal shock solution.
This trend is meaningful, because the low Mach number tests tend to an unstarted passage
flwwt a quasi normal shock at blade passage entrance.

Twotypcalblae Mchnumber distributions for an inlet Mach number of 1.*35 a. id 1.*6
respectively are provided in Fig. 11.

PAV-l.5 Cascade
The second sEupersonic cascade is also a pre-compression blade, but was designed espe-

cially for investigations on shock boundary layer interpction with separation. Its de-
sign Mach number is 1.5, it has a blade camber of +0.39 , and a considerably thicker
leading edge (r /1=0.00025). The front part is aerodynamically higher loaded and the
first passage s~ck was designed to be oblique with a deflection to obtain 3.-1.0 behind
the sbaok.

flue to the higher loading, the measured overall losses and analysed shock losses are
slightly higher (Fig, 12) than those of the ARL cascade. It- is remarkable, that for this
cascade the experimentally determined shock loss level tends to agree with the theoreti-
cal results of a normal shock at the blade passage entrance.

This result and the previous results indicate, that it is very important to adjust
any shock loss model carefully to the real cascade geometry and the real shook pattern
prescribed by the back pressure.

* A sketch of the cascade and its shock wave location is provided in Fig. 12 and a-ISchliaren photograph at 34i01.5 in Fig. 13. Again a lambda shock develops due to the
*boundary layer separation and a second weak normal shock stands in the rear passage. A
*detailed analysis of this shock pattern will be described in the following chapter.

one thing remains to be mentioned: the scattering of the losses in Fig. 12 is due to
slightly different static pressure ratios, but also to different axial velocity density
ratios (AVflR). The AVDR primarily influences the rear part of the passage and mainly in-.
fluences the amount of the viscous losses.

4. PASSAGE SHO0CK WAVE ANALYSIS

4. est Modal and Testing Technique

Te PAV-..l. cascade was designed having an oblique passage shock and separation of
the auction surface boundary layer. To improve the measuring accessibility of the shock
wave boundary layer interaction region and the boundary layer itself, the blade chord
was selected to be 17D nma. Due to the limited size of the cascade wind tunnel test
section (fl/b-2371152 mm), only three blades with an aspect ratio of 0,894 could be
installed. For supersonic cascade flow, however, there is no essential problem to obtain
a periodic cascade flow, because the periodic inlet flow pattern is fixed already behind
the first blade passage 121. The central blade was instrumented on the suction surfaceand the successive outer blade on the pressure surface.

Many of the classical shock wave boundary layer interaction experiments suffer from
the problem of sidewall effects. The flow field at least behind the shock wave is
strongly influenced by the thickening of the sidewall boundary layer, although a
2-dimensional flow field was desired. To overcome this problem, at least partly, a side-
wall boundary layer suction was applied in the area, where the strong passage shock in-
teracts with the wall #hear layer. Due to suction, nearly 2-dimensional flow conditions
at least at midapan position could be obtained (N1DDl'l.0). A further advantage of this
model is, that it simulate& the flow field and the boundary layer thickness of a reel
transonic compressor blade section.

A Soblieren photograph of the cascade with the investigated shock wave location is
shown in rig, 13, The oblique shock and the lambda shook can be observed through
trapexoidel suction holes of the plexiglas sidewalls.

rig. 14 provides A drawing of the cascade and the horiiontal measurement plane~s
across the first passage shock (planes 1-8) end the second-normal shock (planes 10-13).
using a non-automated Laser-Nwo-Focus anemometer (L20) 1111, velocity end flow angle
measurements have been performed at midspan position. The non-automakted version of the
anemometer -hap some advantage measuring in the vicinity of shock waves, because the
signals obtained can be analysed and Interpreted directly by *hand*. A mist of oil
particles was introduced into the sttling chamber to improve the rate of signals in the
measurement volume. Due to the smal size of the oil droplets !*bout 0.07 ams in mean
diameter), they adequately follow the flow acre.. *hock wave&. -

4.2 Results and.niscussion

Emphasis wase placed on studying the flow field ahead and downstream of the passage
shock waves to obtain a bettor undkoxtandifig of the transonic flow and the shock
strength.- -urthermore the- measurements hear- the blade surfaces shall provid, some more -

infonsatioh about the region. of shock wave boundary layer interaction with separation.
ofThe investigated -test point had an ~inlot Mach number of 1.S29, Mlaohnrumbera in-front
ofthe oblique shook and partly-quasi normal shook waive in the order of 1.42 to 1.M,- A

static pressure ratio of 2.13,' and an AVPR of 1.02. rig. IS shows the measured blade
Mach number- distributton together with -the location., where the shock waves -impinge the
blade surface. -The high pressure -inrease tn the first passage *.hock forcoa a boundazy-
layer separation at approximpately- xu101 me lu.S~ and the shock split* intoa-.
lambda shock system. -The stoop pressure icooeassi at, 439blade chat& of -the- auctic
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surface in Fig. 15 corresponds to the position, where the leading oblique shcck of the
lambda system enters the boundary layer and where separation occurs.

Fig. 16 shows the position of the shock waves, and the estimated thickness or the
boundary layer. The indicated Mach numbers and flow deflections have been deduced from
the measured velocity and flow angle distributions in the traversing planes 1 Lo 13,
which are shown in Fig. 17 and 19.

First Passage Shock Wave
The results of plane 6 to 8 in Figs. 16 and 17b qualitatively confirm the assumed

design goal of an oblique shock with a flow deflection, which provides a deceleration to
sonic velocity. Unfortunately the data of plane 5 and 6 show some small discrepancies,
which are assumed to be generated by some sidewall disturbances, coming from an upstream
position. Also the results just behind the shock of section 5 have been slightly
unsteady.

The overall shock pattern, however, was very stable and the L2F anemometer easily
could resolve the strong decelerations across the shocks. The measured Mach numbers be-
hind the shocks arc very close to the calculated ones, assuming the theoretical shock
relations together with the measured fIgw deflection (see darts in Fig. 17).

Shock Wave Boundary Layer Interaction
The quasi noral part of the first passage shock (between plane 2 and 4) is estab-

lished by the prescribed back pressure. This part already belongs to t.Le area of strong
shock-wave boundary layer interaction. The negative flow turning across the shock and
the strong acceleration just behind the shock is primarily induced by the flow-direction
and curvature at the edge of the separated boundary layer. The flow properties through
the lambda shock in plane (1) (Fig. 17a) are in qualitatively good agreement to the
findings of Sedden, East, Keoi, and Delery [12-151. Only the velocity within the plateau

between the shocks is constant and the acceleration behInd the shock seems to be stronger.
Very typical for the lambda shock configuration is the stepwiae deceleration from

M =1.53 to 1.19 in the leading shock, and from 1.19 to about 0.97 in the rear quasi nor-
mRl shock. The flow, however, quickly reaccelerates to about M-1.12 within 2-3 mm. A
comparison of the stepwise Mach number distribution to the measured Mach numbers on the
blade surface is presented in Fig. 18. Behind the shock system, the Mach numbers on the
surface and 3.6% of chord above the suaface, are still supersonic.

Second Passeae Shock Wave
The onvexg urvature in the front part of the blade pressure uurface allows the pas-

sage flow to reaccelerate rartly. The maximum Mach number is achieved, where the second
passage shock meets the p.eassure surface at about 40% blade chord. Because the Mach num-
ber is about 1.33, the norisl shock wave forces a weak local boundary layer separation,
which has been detected with the aid of a surface flow visualization technique.

Fig. 19 shows the laser results of section 10 to 13. The strength of the shock weak-
one considerably from the pressure surface towards the suction surface and the shock
vanishes, entering the edge of the separated boundary layer (Fig. 16).

Shook Wave Strength
Ri oxdr to obtain a better understanding of the shock loss mechanism, the total

pressure recovery of the different shocks is plottrd separately in Fig. 20. The losses
are generated by the outer bow shock and its oblique extension ahead of the cascade (1),
the pro-compression shock (2), the firht passage shock (3), and the rear passage shock
(4). The detached bow shock (1) has a conwiderable contribution in the direct vicinity
of the leading edge, as the calculated curve illustrates in the upper part of Fig. 20.
The oblique pro-compression shock (2) is very weak, but decelerates the velocity in
front of the leading edge from X-1.68 to 1.42. Duo to this, the contribution of the
inner part of the detached bow shock is much smaller, but a strong discontinuity ia es-
tablished just ahead of the bladz leading edge.

The strength of the two passage chocks (3 and 4) could be determined with the data
obtained from the L2F-measuraments. The highest amount of losses is produced in the
quasi normal part of the first passage shock between abou. 18 to 4S percent of the blade
channel height. The contribution of the lambda shock, the oblique passage shock and the
rear normal shock (4) to much smaller.

In order to compare the estimated shock loss didtribution to the measured overall
losses, the accumulated but non-mixed-out shock losses are plotted together with the to-
tel proesure ratios obtained in the downstream traversing plane (fig. 21). Remarkable is
the discontinuity of the bow shock losses near the wake center and the relatively high
amount of shock losses between Q/t-l.18 and 1.45 resulting from the normal part of the
first passagi shock.

CONCLUSIONS
"The Paper suggests, how to detexeine shock losses from downstream-flow measurements

behind transonic And supersonic cascades. The obtained data show, that shock loss
calculations should not be over-sinplified but should be carefully modeled according to
the real flow conditions. At least the influence of the most important parameters as
inlet fl•w angle in the transonic flow range and thii back pressure, which prescribes the
passage shock wave location and atremth in supersonic cascades, should be simulated
Carefully.

Passage shock analysis provides detailed information about the. atraneonic flow field,
the shock-w&ve location with the associated losses and an insight into the region of
shock wave boundary layer interaction. The results dewmostrat the duminant lnflueAie of
.the viscous flow in the rear part of the blade passage.
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Table 1
U io4Al parameters of the investigated oasoadesn

LO30-4 11030-6 ARL-SLIS PAV-1.5

tl/ 0.621 0.678 0.6$4 0.650
1 0,• 0 85 170
08 138,510 145,710. 146.93 14.090

/1 0.030 0.04 * 0.02$5 0.035
- 0.00483 0.0031 -0.00128 0.002S5

o•ie 14.9. 7.86 - A.-9 + 0A.90

- .... .- , ,- .. ..
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Fig. I Shock waves contributing to the losses measured downstream of the cascade
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Fig. 2 model to sep~rate .viscous and shook losses in the downstream measurement plane
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DISCUSSION

A.S.0jEer, Tu
Did you make any attempt to construct a shock loss model which may be used for performance prediction purposes?

Author's Reply
The theoretical results presented in Figures 4, 7, 10 and 12 are based on a shock loss model developed by Starken (2)
which has been extended to consider the influence of the inlet flow angle.

The results of the transonic cascade measurements have been used to develop a shock loss model for inlet Mach
numbers lower than 1.0, which is presented in paper 27. 1 personally hope that the experimental results obtained might
be used to verify transonic blade to blade codes, because they automatically should predict the real shock structures.

J.Hourmouzladls, Ge
Figure 18 compares the wall Mach number distribution derived from static taps with the Mach number distribution
5 mm away from the wall from the laser measurements. Do you have an explanation for the fact that the double shock
structure in the main flow does not show on the wall?

Author's Reply
Because the Mach number ahead of the first passage shock is greater than 1.53, the strong pressure increase induces a
severe boundary layer separation. The lambda shock structure itself is a result of the interaction mechanism between
the strong passage shock and the separated boundary layer. The L2F measurement across the lambda shock system has
been performed just outside of the viscous layer. The pressure jump across the shocks weaken and finally disappears,
when the shocks enter the boundary layer.I assume that, especially due to the strong separation, the pressure
information of the shock is fully smeared off.

Due to the interaction mechanism the main pressure inct ease on the wall occurs relatively far upstream of the shock
system.

I.i

-*.* - _
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OPTIMISATION OF A TRANSONIC FLOW RADIAL VANED DIFFUSER

Salvatore Colantuoni Rene Van den Braeenbussche
InAlfa Romeo Avio R&D von Karman Institute

A Napoli, Italy Rhode St Gen~se, Belgium

CL* (Jetrnsni flow ina existing railvanedu diffuser has been anlsdwith a imdpendentfinit

area calculation method. The calculated Mach number distribution indicates a strong bow shock upstream of
the throat.

S Based on this experience, new diffusers have been des ~gned in order to optimize the Mach number distri-
bution in the semi-vaneless space by designing for a shockA~free deceleration. The best predictions are ob-
tained with a modified version of the design method of Herbert and Camne in which a radial change of diffuser
width is incorporated.

Experimental results obtained with this optimised design show an important increase in range and con-
distribution can be explained by incidence effects due to an incorrect estimation of the boundary layer
blockage on the lateral walls. Better predictions will be possible only if a more precise definition of
the real flow conditions at the diffuser inlet becomes available.

LIST OF SYMBOLS

AK half diffuser channel opening angle Q vane angle measured from radial direction
AL leading edge wedge angle 0 flow angle measured from radial direction
8 blockage factor Tr pressure ratio

(1-Blocked area/geometrical area) 0 density
e internal energy
F flux term of the conservative Euler's

syte of equations
G flx termp of the conservative Euler's

h corrected diffuser width
I nndimensional length along diffuser

vaesuction side
m asflow Subscripts

M Mach number
p static pressure 2 diffuser inlet radius
r radius le leading edge position
S cross section area of control volume t time derivative

t time to trailing edge position
w velocity vector th throat position
x m,ýridional coordinate tt total to total
S tangential coordinate x meridional coeponent or derivative
D, two dimensional y tangential component or derivative

INTRODUCTION

High pressure ratio centrifugal compressors have transonic or superionic flot. at the impelIler exit and

the vaned diffuser it the most efficient device to decelerate this flow and to transform the kinetic energy

Analticl moelsnormally treat separately the zone cf rapid adjustment upstream of the throat. where

the velocit vector, and the divergent channel, downstream of the throat where the flow is almost one-diven-
sianal. Ittha been deponstrated that the diffuser data of Rundstadler 1l) lye an accurate prediction of
the perforpanco in the divergent channel if the throat Mach number and bloc aile are known. 4hese conditions
depend on the diffusion of the flow in the vaneless and semi-yanieless -space. The stability of the transonic

fow in this region also influences the operational range bet'weeni surge and chaok. The Inlet region is there-
* fore considered &a a critical element in the design of a hig'v performance coep-esor.

The stud of the flow in this region is complicated due to
- the tred mensional character of the flow because of the kAdwed boudAiry layers on the lateral wl,. te ustsdiessof heinlt fowdue to the non uniforsity.of the flow laigthe impellerl
-Interaction teweei the impeller blade tip and the diffuser vines;
-coepressibility end shock wave-boundary layer interac-tion.

A" exoteriental study of this flow on a comoressor diffuser combination can account for all these

effects but It is more difficult to Study sparatftly the Influence of blade toeatry. inlet conditions or
The research program, 'described here, Intends to do a systematic study of the effect of blade shape on

frmocisa s and rang.. One assume% here that the inlet flowo is stway and uniform over the passage width.
WWAndsy layer blockage ca -the lateral walls is accounted for Dy introducing a blockage factor.

The. startingI point has bee" the analysis of a* existing comprssor.. The Impel ur vanes haye 32* back-
tMat the exit. Tw he ifor vanes M"v a curved m*anlina and a -coostant norial thickness of 1.6 so,

hyW at* tape.red at the leading edge to a leading *do* thicknss of 0.5 a. Al thwou they wre" origimaly



designed to operate with a leading edge Mach number of 0.95, they are used in the actual configuration with
leading edge Mch number above 1.05.

A theoretical analysis of the 20 inviscid flow field has been performed for this diffuser geometry
(geom. 0). This initial step has been very useful to verify the application of the Euler solver on this type
of cascade and, at the same time, to define the fluid dynamic behaviour of the flow in the existing geome-
try.

In order to evaluate possible improvements of the velocity distribution in the semi-vaneless space, a
new diffuser has been designed, based on the method of Herbert and Came (geom. A).

Detailed flow studies suggested that this diffuser could be further improved using a modified design
procedure (geom. B and C). Geometry C has been built and experimental results have been compared with the
theoretical predictions.

THEORETICAL CALCULATION METHOD

The quasi three-dimensional time marching method, developed at the von '(arman Institute, has been used
to calculate the inviscid transonic flow in the semi-vaneless space.

The equations to be solved are the time dependent Euler equations expressing the mass-momentum- (in
meridional and tangential directior) and energy-conservation laws. Written in a time dependent differencial
form using non-dimensional variables, these equations are

It Fx I Gy

W u /0 fv

v u v/P P+v I/it
e.(a+p) u/J [(e+p) v/01

where u nw v wy

The domain of calculatior. is defined by one of the blade passages and is extended upstream and downs-
treamo of the cascade by two pseudo-streamlines defined by r.w -const. The numerical domain (figure 1) is
made up of several p eudo-stre~lmlines and lines of constant r~dius. The pseudo-streamlines 3re uniformly
spaced in the tangential direction. The spacing between the constant radius lines ;an change Iia regua
way between inlet and outlet, The intersection points of the pseudo-streamlines and constant radiuslie
define the corner points of the hexagonal control areA. Applying Gauss' theorem on 0le space derivatives,
one can evaluate the variation of the unknowns in the control vo Uos as a function of the correspondingA
convective fluxes through the surfaces

One assumes here that, the variabfles remain constant over the selected control volumes, The third di-
mansion. b, is the diffuser width, corrected for boundary layer block#9e and varies Only In the radidol di-
rectfon. The flow variables art defined at each nodal poiti'. A linear variation of the flux along each line
segeent is assumed in order to evaluate the transport terms on 0~v finite volumes. As the transport terms
Across fth sides of the elements art applied to two adjacent volumes. the overall conservation is automiati-
cally satisfied during the calculation.

thetie deivaiveJs iscetitdby meains of the co'rrected viscosity schem. It has bee showso that
thts soi pejossesses verygood~ qualities of convergence and stabilit~y 12.3 I

*As bou ndary cpnditioni, one Impose& a constant total pressure arnl upiform velocity (with given ftch
Wrbr at tht- diffuser Inlet radius, For supersonic Inlet 14;h numbers, in which oftei Ilo1teV4oate Rare.
tinlet flow arql IA s defined by the uniqve Incidence and is obtained by applying the periodicity con-

ditoauptramofth bads.Atthe oulta saiprsue is imosed corresponding to the different

Onl !nerttodin he velvanelts sapace and q orcino *bok nt iego~un)i

MMAYSIS OF' AN EXISTINO DIFFUSER

The tioe dependent calculation progrc#. has first ben applied to in ezi-stin4 diffuser of 25 blades withi
leWadin edge to Impeller exit radius ratio of I A 14 i(gee ) The, vane eomtry and grid Cyitte" are shown

Infiur 1 Te alultin hvebw04 fltmforpit-omact point (A.0,C,f) shw nfgre 2.
1Iecorresponding diffuser inlet flew cWn1i0ons. art deduced fr<* eeasurements by mevant of an analysais pro-a 4

qrM. They are listed in tahle 1. The blockage, due to the butwiary layers on the latea'al sails,.i deud
lr~m tl asurski nt$ at diffuwe inlet and at throat aectioN A lna4'vari'atiloa of the ckannl huightit I
"usW in betajeefi

Calculated 1*4lach lines corresponding to the foo' Wparatiom pilints art shown In figure 3. The diffu-
ser abuolute inl1et MAOh nuber chunges oly sligthly with mass flow but. tNe radial1 velocity component, and
thereafore ate. the-flow 0910, chsoiti as A. f&inttte of ýtfe operation point. This rstults .10 a i4nafle of
the difftuar' Vane 11041dwc Wn t4e cevreapdedlm ~ -atg the iso'4ia42 lfne patta.m is som"
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by test points A, 8 and C in figure 3. The throat Mach number increases from 0.8 to 1.0 when the mass flow
changes from surge (point A) to choke (point C) resulting in a decrease of the semi-vaneless space static
pressure rise coefficient. In test point E the calculations show the fully supersonic character of the flow

and a bow shock at the blade leading edge. This type of bow shock, extending over the hole throat passage,is in agreement with experimental observations [ 4,5 1. Previous analysis has shown the validity of this me-

thod since it correctly predicts the important features of the transonic flow at diffuser inlet.

It is the intention to use this compressor at higher rotational speeds so that the diffuser inlet

Mach number will be higher and stronger bow shocks will occur usptream of the throat. The corresponding in-
crease in boundary layer thickness will result in higher blockage and consequently will reduce the pressure
recovery in the divergent channel. Alternative designs in which the vane suction side flow deceleration be-
tween leading edge and throat can be controlled are therefore studied.

* NEW DIFFUSER DESIGNS

In order to evaluate possible improvements that can be obtained, a detailed investigation of the
flow in alternative diffuser designs has been made. Special emphasis was put on the optimisation of the
semi-vaneless space geometry. A prime requirement for the semi-vaneless space is to assure that the local
Mach number on the vane suction side nowhere significantly increases above the leading edge value, either

due to incidence or due to surface shape, in order to limit the strength of the bow shock upstream of the
* throat.

The design method for vaned diffusers, proposed by Herbert and Came [6 , is summarized in figure 4.
After definition of geometrical parameters such as :
- radius of leading edge and trailing edge location (rie, rte)
- leading edge and trailing edge round-off radius
- number of vanes

throat area and width
-incidence measured against the suction sideleading edge wedge angle AL and channel divergence angle AK

curves are generated which fit in a smooth way polynomials through the points H,Z,D,P,Q,L,E.

The most important part in this study is the vane suction side shape and the location of the inflec-
tion point Z. According to Herbert and Came this point should be outside the suction side to avoid reaccele-
ration of the flow upstream of the throat. However, once the vane leading edge angle and throat dimensions
are fixed, there is not much freedom to choose the location of the inflection point.

The new designs have a reduced diffuser leading edge to impeller outlet radius ratio of 1.07 resul-
ting in a higher leading edge Mach number. A smaller value may be dangerous for the integrity of the impeller
blades because the -interaction with the diffuser vanes becomes too strong. A larger value increases the va-
neless space and can be at the origin of vaneless diffuser stall ( 7 1. The throat area is the same as in the
previous configuration.

noaIn a first design (geom. A), the vane leading edge is connected to the throat by a fourth order po-
lynomial. The tangent to the vane suction side at the leading edge Is at 760 measured from the radial direc-
tion and the diffuser has 29 vanes.

The diffuser geometry and the flow field calculated for the operational point E, is shown in figure S.
The flow reaccelerates after the leading edge to a Mach number of 1.25 and the strong deceleration in frent
of the throat Is an indication for a bow shock. This cannot be considered a3 a good design. The Mach number
and angle distribution shown in figure 6 (geom. A) explains how the rapid variation of the suction side angle
near the lendin ,: _- 4, Y--s•'sblv for the n•r, ur utirton side lach nuakor, Th• decel eratton of the
fluid takes pla.e iAn the r otn uf conitant vane angle, Alternative vane shapes and blade setting angles
will therefore be -examined ?n the future designs.

In a second design (gao.. 8). a logarithmic spiral is fitted over the first 601 of the vamn suction
sideo in order to obtAin a vaet, shape which is close to the unpertutrbd free vortex flow (point 1H to Z on
"figure 4). A fourth order polynomial makes then a smooth connection to the downstream divergent channel
point Z to U). The number of vants has been reduced to 25 to reduce the pm:ure gradient by increasing the
Flow path length between leading edge and throat. Another design choice is a meridionsl contraction betwen

imller exit and diffuser leading edge. This eodification.suggested by 18 1 may help to uniformist the axial
velocity distribution at the difftuser leading Wdo. The diffuitr width is 8 ow at tOw leading edge coq0artc
to 10.7 0 at the impeller exit.

0 he flow field relarivo to the operational point ( Is shown In figure 7. 0• obses a sUllar

"mr•celdeation of the fluid domstrttm of the leading edge and the deceleration in front of the throat It
again .|!orapent, indicating an entry bow-shock. The Mach nivokp distrlibution -al9 o th .tloft side ifig. 6

gee. 1) shows a. reacceleration of the fluid downstream of the fnflection pAnt 2 d4e to Oarge of flow at-
glt to a more radial direction is shown by the suction side angle variation,

"In orpdr to minillse the suctfon side rtacceaeration a third design h" been MAde (goee. C). The
blade Might was Imemsed to 8.2 w6 which allowed to deerese the throat width end to minimtioe L4 convex
curvature of the blade shape dowttrea of the inflection point Z. The Hach number distribution calculated
for t operation point E is shown in figure 8. Except for some local perturbatmOns, ro Peacceleration

. .)•around te vane leading t•g is observed. The auction side Mach •uimber decreases gradually •wards the throat
without bow shock.This gro al deceleration Is clearly aheA, in figure 6 (g , wwere oe als observe
6iimoduw vamitton of the vane angle,

The Hach number ditribution has also .been calculated for the sane geometry at the operation points
A and C, The coVarisoo of the suction side 0ach twaber distributions (fiure f9) shows that a smooth vari-
tibn remaus for all vperesion polnts between sur, e n'd-chote, At the surge point (A), the positive Inci-
dnc results In a ruaCceleratio4 of the flow donstre•m of the leading edge. followtd -iy a Seoth decele-

-- ration towards the throat Xah maw. At the cuoklio point (C), the IncilA4nce is -s ll-hr or napaive and
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the maximum Mach number is lower, The Mach number in the throat is higher, because of the larger mass flow,
resulting in a lower suction side deceleration at choking mass flow.

COMPARISON WITH EXPERIMENTAL DATA

The diffuser design C has been built and instrumented with a series of static pressure tappings on
the shroud side-wall as shown in figure 10. It has been observed in the past that such measurements seldom
show steep pressure gradients corresponding to shocks. This can be explained either by the interaction of
the shocks with the thick boundary layers on the lateral walls or by the unsteadiness of the flow upstream
of the throat. Nine additional static pressure tappings, having 0.3 mm hole diameter, have been installed on
the blade suction side at midheight. It is expected that local accelerations or decelerations and eventual
shocks will be more easily detected here, because of the smaller boundary layer thickness.

The new performance curve is shown by the dashed line in figure 2. The choking limit is now at a 2%
lower mass flow. It is not clear if this variation must be attributed to a difference in throat area, because
of different blockage or manufacturing errors, or if it must be attributed to the fact that both measurements
have been obtained on different facilities using different devices to measure the mass flow.

The new operating range between surge and choking is more than twice the original one. This improve-
ment must be attributed to the more favorable velocity distribution on the suction side of the new diffuser
blades.

Isopressure lines measured in three operation points on the 105% speed line are shown in figure 11.
Near choke the static pressure on the suction side is everywhere higher than the impeller exit pressure and
a smooth pressure rise between leading edge and throat is observed. At medium mass flow, the local pressure
downstream of the leading edge first decreases to a level below the inlet pressure and increases towards the
throat section.

There is rno operating point for which the measured distribution agrees with the one predicted for the
operating point E and shown in figure 12. The discrepancies can be explained by an overestimation of the
boundary layer blockage at the diffuser inlet, resulting in an underestimation of the incidence dpring the
calculations. In the experiments, the lowest incidence occurs at choking mass flow and the pressure distri-
bution near the leading edge is very similar to the predicted one. Further downstream there is a discrepan-
cy because the calculations are made for low back-pressure corresponding to unchoked conditions. At medium
and surge mass flow the incidence is higher (less negative). The resulting reacceleration downstream of the
leading edge is similar to the predicted incidence effect shown in figure 9. Closer to the throat, the pres-
sure distribution is very similar to the predicted one. The pressure field is very sensitive to the inci-
dance angle and better agreement is only possible with a more accurate prediction of the boundary layer
blockage on the lateral walls.

The static pressure distribution along the vane suction side, predicted for the operating point E,.
is comred with the one measured at choking and at medium mass flow on figure 13. It shows that the predic-ted values are somewhere between the experimental curves for choking and medium mass flow. The data shown

here are measured on the vane suction side ond the amplitude of the variations is smaller than the one mea-
surd on the side wall. The variation however is not as smooth as the predicted one. It indicated a small
discontinuity between the leading edge and the throat.

CONCLUSIONS

Previous calculations have shown that it is possible to design diffuser vanes with a smooth decelera-
tion of the flow alon the suction side. The main point is the control of the convex curvature between the
inflection point Z a the throat.

Outside the design point this optimu velocity distribution can be perturbed because of an accelera-

tion of the fluid, imediatly downstreoa of the leading edge. This acceleration is strongly dependent on
the Incidence.

The flow is very sensitive to the boundary layer blockaqe on the side walls. An iterative procedura
in ••ich the boundary layer thickness Is recolculated is a function of the predicted velocity distribution
could rosult in a mr precise prediction than with the linear variation used in the pr*sent calculation.
I10evsr, the sults will str ly depe on the diffuser inlet conditions, which are not well kaown at the
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TEST POINT M2  02 82 Bth

A 1.21 78.7 0.10 0.12

B 1.21 77.9 0.10 0.075

C 1.20 76.5 0.10 9.045

E 1.24 78.7 0.10 0.120

TABLE 1
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FIG. 13 - EXPERIMENTAL AND PREDICTED PRESSURE DISTRIBUTION ON THE DIFFUSER VANE SUCTION SiDE

DISCUSSION

A.SXJger, Tu
Could you give some information about the technique used for determining the fluid properties on blade boundary
surfaces?

Author's Reply
A half control volume is placed on thu blade boundaries, where zero flux is applied for mass and energy.

The pressure on the wall can then be calculated in the normal way, because tht central point is on the wall. in this way.
extrapolation of the pressure towards the wall can be avoided.

K1
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MEIODE NUMERIQUE D'IN¶DIRAO'HN VISQUEUX-NON VISQUEUX
POUR LES~ EOULEMENT IN'ThJNES DEOOLLES

ET L'JN'1ERACYON OQUCIE LIMI'1E - ONDE DE (110 ('

J.C. LE BALLEVIR at D. BLAISE

O~ces Natloaal drftues et d Recheriches Aerospstlales (ONERA)
BP 72, G=2 Clbatllvo Cdex, France.

Une mithode do calcul des icouiernonti, laternes tranusoniques dicollfs es!na quo Vinteractlon Gouche limit, - ondo do
oboe tat pr~reantdo. Eli. s'appuio our Is d~roboppementa de risolutions numirlquea 'lndirectes' par Interaction visquoux - non
Tiiquoux, bloc eonditionnif.s aux grands nombros de Reynolds.

Lt Aulid# Ylsquieux oat. calculf solon Is Wborie do 'Formulation Diflcit~aire, in aimp~lilli par des approximations de
couches mineos compatibles avoc une rizolution par mithodt intgrpoe. Los mi'thodes rumiriquea de copg trot 'Directo'
at 'SOnI.Inverso" ainai quo Its m~thodes Intwgraies diflc~tsiros direct. et. Inverse avoc mod~ile de turbulence & 0- 1- ou 2-
4(quatons do transport. integnalts, quit avalent OWJ propostfes actirleurement. pour I0 calcul des profils Walilet, out. 4ti
ginfraliaits aux icouiomento Internee oil Is fluid* parfait. nircesito un traltement. des fquations d'Euior.

Des ridulteta sont obtenus pour do. fcouiornonts turbuienta done des canaux trannsoniquos bioquifs avec contet-pression
comportant des Interactions couch* limit. undo do cdoe -multiples, sinai quo des dircollements nalustnts ou ittendus. La
m'tbodo tat. 4galomont. appliqiqe i Ilateraction couche limite onde do choo en aupersoniquo, pour des rampts de
compression ou dom riftexions d'oodos do oboe oblique*. Lee poraomirs r4aultsal obteaus pour I* calcul des 4(couitouetn
visquoux do grille dasubts toot prftontds..

NUMERICAL VISCOVS-INVISaDII INMEAUflON ME'flIOD
FOR INTERNAL SEPARAIEI FLO)"

AND SHIOCK WAVE.BOUNDMIY LAYER INlEIIACTION

A calculation method for lateenel ttaniionic separ~atd flows, and Wo thgtk wave, bvoqudaty layer inwteratlons, is
proseastad. It, I& based on developmeonts i IndindlotV nqne.;ca. solver@ With VIMcus-1nylseld &piR11ng Well conditioned at high
Rqoyoida numb.s,.

Tb. viscous low@ are calculo~d with Ase 'lDoteet FormulatOn theory, boe" situplifid with thin laytes approoilainaons
comnjmuslbt with an ilatpurl iethJ2d. noe 11:irck, "d S6lioos trons coupling mothuds, aUd the diroct &ad luovttto
defetil letegyal5 ffethods with turbuleaco MiOMoS inootvive 0- .1-, or 2- intersl transpott vquatlione. which have boon
Mrevoutly suggeted tot afoildol $lows, have boen Statrallsed to lotaral float for which gLhe lusiscid field requires to use an

Euer 'olloor.
Results ate ^btksiasd for tortkultat. tows in rsowilc cdocked choannls with bd-etkp-asutj. Inolving multiple ohock wate

- bousdaty l~ayr latoructoes, sod Ineipltnt or oxwesolte eowaredocm. lb. mqtkod ts ol~o applied wo supwrnooui shockt wave
bouadary laesr ieawriccuu, (Of cousupessoulo raIp& or shook wove.- rflrtxob*. l'lrnrtaamlt obtalned Aor COMPUting viscous
Iowe io coa"alio U Parecpoatod.

Los, to~ubetrenota inteurits des tutbotosdhints so MM-114dciant PVt does na~mhtes do Reiynolds, iovis at pat
l'influotic, doumlnnate do sihoitiomins do tfote intotractiott Vtsqusouo do~ooltemomts et. tiweutonsootouch.
limill. onde do obti uiotmitunziin Lt ddve p~ment do mithOdto uuMdrquta caPAWos do diaterinnsr
conIP14dleinmnt. Cos JCUlteniti rioe" do C# fait., Solt &r des Mielhodes do risolutioa *Drect#*' dtiqusuoos do

ti.Nsvir-Siokts 11,21, 41iA aur des m0`111(14- do OWUaOlUti ladicectes' ira tantorwii vqo~sus-11oavisquitux plus *p4ciflquetnotit couidtlonaldog pour 10,3 gands Oombr#s dli jtynolds 11.3 j 101.
Lee popis dcla inithodes lIndlivotta.", voit par sextiple Lt 3eosr 111, 121. unontxejit~ quo cts indt~hode

uidi Ua 10N 4 stPWAs litulieds Aux aspcximalens do La 0oucht limie.4 ti, que tour extension vftour.ase
davr*A pseiaUre d'ob4tmir A vQIonti, soit uts rCsolUWU d'dqu"hoi oeub iul ~iam~oLe
COUPIAP fOrk 60, 000 Wes aolu~on Indirecte* Wiquatons do Nsvlar~tokua.

L'&n=W& a tt=4u m n dqgels 'wuobo& tsdkeeits par latsaoolo V~q4uetX-no Viliquoual c lui d'ua

#&W# 4Wce~ Uosi ash~ea Aeaaor dol DMhIeof dt it &V&WDA
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oonditionnomont numirique d'autant plus efficace quo Is nombre do Roynolds eat plus dlevi, contrairement
aux "mUitodes Diroctes". Cot avantaeg oat similaire & colui des techniques numdriques do couehe linaite, lea
'ýmithocioa Indiroctes" visant prt~cisiment i g~niraliser les techniques numiriqueri do couche limit. pour
risoudro les iquations de Navior-Stokes.

Le second avantage des "m4ftjodoa Indirectes" eat la possibilit4f, au moins dana une premidre ftape do
difveloppement, d'introduire des iquations et modilioations plus simplifie~s quo dans lea "mithodos Directes",
sans dliminor I& capacitef do traiter Pintoraction choc - coucho limito ou le d~colloment macsi! [121. Un socond
objoctif possiblo des "mitiiodes Indiroctes" ost do ce fait Is rechercho d'une r~fduction notable du coq1t do calcul
it grand nombre de Reynolds.

En contro-partio do ces doux avantages, lea ýmfthodes Indiroctes" conduisont a uno complexit6 numdrique
accrie par rapport zux "m4thodos direc~es", notamment par Is. nkcoasit d'un op~dratoe1r numdrique do
"couplage fort"traitaut l'intoraction entre los op6rateura visquoux ot non-visquoux.

La prdsente "mithodo Indire-de", ddtailldo en 113,141 colTespond a la thiorio do "Formulation D~ficitairo"
proposia antericuromont [9, 141. Cello-ci cot r~solue avec approximations do couches minces et moddlisation do
mtfthodo int~grale. La mithode "Semi-Inverse" do Le Ballour 1151 eat utiliseo pour l'opirateur num6rique do
couplago fort,

Les risultats do cotte promidre itape demontrent quo Is calcul des 4coulaments intornes dirollis par une
"mithodo Indirecta" est rdaliaable. Ila montrent en second lieu quo la valour prddictivo do la prisenta m4tkiode
iut~ralo s'avare W3~ oncouragoante. Ello devrait permettro i terms, moyonnant un progris sur les techniques
numiriques actuolles do typo oxplieite utilisoos. pour les opirateurs "non-visquoux" et "couplage", do conduire i
uno mdthodo do calcul do coilt minimal. Enfin la Methods soua Os forms actuelle pormot, aussi d'onvisager son
extension i ur.,ý reolution "Indirecte" d'iquatious do Navier,-Stokos par 'Formulation D~fcitaire" et technique
nuznirique do couplage.

2 - Formuiatlon W11dlkkflw- Equatdoas elnpIM0d16 r"Uolu -

2.t Formulatiou Dificitairo compidto

Rappolons quo Is thdorit do "Formulation Dificitairo*, Le Balleur 19,14,171, dL-socia It probldmft global on
5ous-problarnos numoriques visquoux ("Uticltaira*) ot non-visqueux ("pseudo-fluide parfaitc') dont !es
doinaines do osloul so rttouvrent, at occupim tout I'ospace. L~a dissociation n'itant pas unique. 1% "Formulatin
Detlcitaire" ý.at cello od Io pseudo-fluide parfait satisi sit, lea 4quations d'Euler, I& viwcositd tit controlant. to
pseudo-fluid. parfait quo par lea condittons aux Itimjtos.

Duivineant par jr. Pr Ia prossion at Is donsitt, par IT, W Its wtutposantes do Is vitaose et par7 Itls teruesa
do Contralutes visqueuxos on repate Cartdsicu XOZ. par F, W7 at V lotsts hornologuce duan le rop~ra oueviligue
OftkaOSonal XGo twaPut~ 1Is Pai ou Is ligue woyozeuu du 3il490, lea ifqua~ions do Navior-toke,:

a- + 02- -V , (I) 0

oX 02

(4)

OX *Z

co-MIUWM d'unu champ Mu a,-fu, ~ii p , P. +j W t iont oriens ~rtot
A~u&U0n d'U4er (2). st d'ua Systdse tl'iquoi~aon dkifidahv.1k) alui~s quo d'l'qutaaos do eoupbnt fortt(41),
44 06ordo41its CUM4098ne, PIC im Iu + K1. K(s) "t I& coutbur. do I& patol,

Ma~tsawgai ox asota *4. l'queazMo 4. coatiinU di&Ucaako do (8). Of& o cka ~u du coUplas tort (4),

LI
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fournit.1a. condition ~'d'ffot do dUplacement!'g~ndralisdoe aux iquations do Novioj'-Stokes:

pri PU?(.,a) = .f (pu-;Fi) dx (59)

i~xd0

sjllago =-(") f (pu- VG) z(b

*expression oil <f > =f (xO1' - f (z,0-). Cotte condition aux limites exacte a permia d'dliminer lScueil
des couches limitos "suporcritiques" su sons do Crocco-Loos, voir Le Balleur 116]. Eli. inclut Is variation de p u
salon z, et~suff itiAdifterminer le pseudo-fluido parfait dans Papproximation potontielle.

Loraque lea iquationa d'Euler complo'tos (2) sont risoluos, Is thdorie des caractvristiques montre quo Ia
condition (8) n'oat suffisante quo dans lea zones oil le pseudo-fluide parfait pr~sente uno succion A Ia paroi

*w<O, normalo 0z vera l'intdrieur). Deux conditions doivent Atre ajoutdes dans les zones oil l'offet do
ddplacement impose uno injection (w>O) afin d'y fixer les niveaux d'ontropie ot doenthalpie totalo.

Comme ii a dEji Wt indiqudý voir Le Balleur 110, 11],un choix quelconquo pout 6tre effectuE pour cea doux
*conditions supplimontaires dana Ie cas do Ia Formulation Dificitaire compi~te (2)(3)(4) mettant en jou dos

Eqxiations de Navier-Stokes. En cas do moddlisation simplifiie du syatame dificitaire (3) au contraire, ce choix
est un degri do libortE suppldmentaire pour minimiser los approximations do couche mince. Dana Ie cow
prisent, taute d'une Eftude plus prdcise, le choix empirique do dMrivies norm ales nullos pour l'ontiopi. ot
l'enthalpie total. du pseudo-fluid. pariait. (3i w>Q) a Etd retenu.

22- Equations 5irnpliflies risoluoe

Admettant quo I'opproxiination Navior-Stokos 'Couche-Minco" ost suff isante, les contrainteds visquouses
Bout riduitos au tortno do cisaillenient. 7. On ridduit do plus los Equations ddficitaires par un divoloppement.
asymptotique par rapport A lUpaissour 6 des couches viaque uses. Los Equations dillcitaire3 simpli&ido au
premier ordro son t alors:

0:

- 0)

~0 7

--w + ,ji /
I2
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Nit~uation do continuitV (7) es'. oxacte, quo Its iquations do quantMt do mouvement (8)( 10) ou

(1)pu; noteafie lpseir f'ppo im nd cair p doe dpfresion 4 (ari) des lpa "caburs induies

Cote crretio wnuit Islon de silags,4 introduire dims Ic pseudo-fluide parfait une condition aux
limtes"defrt, o ourure gnirlisfe<p(x,0)>, derduito de (12) par Ia coutinuitif du champ de prossion

roia <Pt z,o)> =0. 11 oat i noter quo les "courbures induitos' au dossus du sillago K'(Z'0'), at au. dessous,
K*zO).son'. diff ifentes, surtout dana It proche shiag. 1141.

2.3 - Ferineturo turbulent.

Les e~quations dificitaires simpliflies (8), risoluos sous Is. torme intdgralo (7)(8)(9)( 10), sont fermica par
moddlisation. pour Its couches turbulcates aveo dicollmemnts itendus ( 1 < H. <oo) proposio par Le Balleur en
bidimenslounnl 114,12), pus3 on tridimcusionnol [17,10] at on instationnaire [181. On admet quo cotte
moddlisation do tipo couch. limits, qui ditormine 6, 01.XE., on tonctiou do 61, 011, reste applicable ajax
grandours "difficitaires" de (11).

Los profits do vitosse turbulenti; moyons son'. rcprisontifs par la doscription anaLytique doux paraindtros
(6.6k) suivante. oil z =6r) at. oil 61i cat lipaisur do diplacomcnt "incomnpressible:

1 - C, Cd Lou(RVltVjTI7) +- 5.25>0.41] 0, -t
E ~0.41 \/71C~j

PM .I- " P-1 i sX <0

-4.598 (61,- 0,44 6)' 0.44 6 < 6,, < 0.09 6

6 * 2.209 (d I,- O.M 6) ,0.89 6 < 6~, < 6

* ~~Los profiti (13)(14) *i afrisout too pr4oft do Coles dto dcoultmcnts suwshis par it loi (6,)qui znodiflo
It * 104CtOU fdo village, La loi n' oialalln In. vtams do retour p1hriquemmn'. iralistat qui inppwartrnlon' avec

17- 0 pour k3c~ ouchos limite, infinimen' dcollits at psirmo. do rodouler to cias ettrdtno Wuut c*.uch. do
moloazp isobar.s1 4-c) voir 1121. Los profile do doasil soot. diduits dos profits do vitnusa dana I'hypothdat

DWI. It Cas d'ung turbulence d'dquilibro, coest A diro avoc )X(t) m I dons Viquation d'entrainomorit (9),
V00444ewMnt 9, tat Miutt. do 14 [AWASSOUlst dti. poftit do VA&U.0a par URI lennturo 4fttiquc du typo
lougutur do molazip, de inkuo quo a Itd~ptiou olnt '.afdn ddinegor~ , Itsea epresoos i(Ant pricisies

Do*s it cu d'unt turbulence booni~qulibivr. si -'(s) .f(s) , f(z) son%. zospowyvmou'. I3 walcuts
Mooyana tntrt s-0O ot t'-6 do I'inetgie cluft-que do wtubulonc Eit a) do to diwstt~ioa locol 4tt g inor
T(S~t) et do It contsainte do clsallltewnt do Reyaolds l'(z,s). INicsrt & l'quilibre X(;) @at tciirnr par It
risoluton d'uno ou deux EqAlions latigrales. d* trsaspwt' simpifildes ptopooas ptdc4demmaunt (141 pour
Pi06al at I& elaucntrints do Raytiolds f

Ai 0.

10 4 q 24
D7!

Di ij )
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lts niveaux d'ofquilibra i ,, ?#I f. tan tpri'cis~s dans Is. r4firence [14,12].

3 - Mit1hodes do rdsolutons nurxndrleas -

3.1 -Equations intifgraloa difflcitaires

Supposant qua l'enthalpie totale est constants, les idquationa de l'~oulement moyon (7)(8)(9) sont ofcrites
an fonction do doux paramitres. piopres ii Ia couche visqueuse 6(s) ot a(z) =~6,16, ainsi que do tlois
param~tres communs auix problimno visquoux et non-visqueux, le noznbro do Mach r6duit m =0.5(,I- l)Ma,
la. pression totale pi, le rapport a'/q. Pour cos trois paramn~res, on note (tYi,PA,dvq)(,,o) le8 valeurs prises par
Its parazntros dana la rdsolutior' ddcoupl~e du problime visqueux, par (m,p,.w/q)(,,Q) Ies valeurs prises par
lts paramintres dana le pseudo-fluid. parfait, coo valoura no coincidant qu'sprds convergence du couplage fort.
Leos qualions do transport turbulent (15), semi-dicouplies, sent rdsolues sdpartfrnent pour calculer l'icart a
l'Aquflibre do I& turbulence XMx). Le systdxno des t~quations inoyealnes de, rang 3 s'e'crit alora:

- (16)

1' { '~} ' tq 2

Le nombre d'inconnues itant de ainq l&ai,~t} a r~solution de (16) pout 6tre effectuoeo on couplant
directornent deux des pararaftros cominuns aux problimes visquoux et non-viaquoux. Ia couipatibilite du
trooisimo paranidtro commun dovant capoudant Atro rojot~e our la. convorgence ult~ricure do l'algorithme do
couplago fort.:

Dans lts zones tloiguita du dicoIloment (portnuftres de forme ft, < 1,8 ), Isa riesolution eat off eatutfo on
probidme "D irecV (e -0), avoc At ý i, P, - p,, et di~couplag dtIs avitsso normale ID AW, Dons ce mode,
o00 Its incopanus Ph t A, w ot 6lminies du systdrao (18), on a, pdl mootror quo to ditartainsat du sous-
eyilfme final o'mnuulo Sn dicollement (HI, -a2.7) at quo Is siugulariti, hife & cello do Goldstein, no pout Atre
lovde qul convrergence dui couplsgv, voir Le Bl~alour [11j1

Dan, Its zonesa dicollios eta proclica du decollorneut (parwanires do forme HI, > 1.8 ). cotto diffictalt eat
Oitde en adoptant une risoluti onn probI~tat luayers*" (1 -1), Ie m~ode inverse clioWia tant
fb/q . /, -p,. wtec dfcoupl~go do I&. vitasse at du Mach # jA 1. Af 94 m. 11 a pil OWr won"d quo co
mode W'est jamals scuiulior, mi~le en ouporaonique, compto tenu do Ielimiaa*on dos ttt~ructions
Isuporqritiquet au sons do (rocco-Loes Crco 4 ldquatloo do couplage 'diflcltalroe(7), voir Le Ualeur [I10.

Dws t 1.mode Direct coutta dns Ito mode Inverse, Is. rsolurion Rumirique cat toujours offoctaed Ott
matchant dunwozt ton aval, L~e doita dos scladutis numifiquesi Izpliciw, non-liitta~irt, wis 4u point pout
wigtdor to Systouie (18), priws an Prtguitr eta An Socod ords.t "too I&. WaIG dos tnaiie-s, oat VwC404 due. It
itiftoaco; [141

31 F0A~n InVNOSde sli o

La modeffinon Wa tnowtv supiriouft (s>o) vtjafeffoures(z<o) des prois4 do 'dnS." moythao do purt
.1 44tt'ato dui uaimalmu do vito. 2o tanidtio & sAnnidr 01 dana 'I mrspdanuiioa (13)( 14); Ceti Cooidtit 4
0804"ta (18) Wa uU SyAtWW do fA 04dOUble, Vojr 1[ 14

(f o f t 1
+ 07,~U. 5 4 t .0

WOe quo is r1soiUo0i~ exacle do (18) Soit r46"sbl, Voir 1141, It la4t quo I'cfftt de -Courbutr Soil
n4gkip au. npremierords. e4vyetado (10). c qwal wplqu* <p(s.oj> - '( o0l) p(s,r') 0, coadU61
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en ofcoulement isentropique Aun calcul notablement siznplifle oil q(x,O1 =q(z,0-), m(X,0 1) =m(X,-),
d+ a- IAPJ =[A -7. Par extension, si Is discontinuit6 d'entropie du pseudo-fluide parfait sur Is coupure du

silagere'te o ,aune deicomposition des 4quations (18) en parties symitzique ot antisymdftrique rests
possible moyounant ur~e certaine approximation, voir 114, 181

fi'= + -(f*-f-) != f~++r-) ,A+= A-= A(1) (19)
2 2

(20)

1<1~%&> , 0 .~ }\R
Is, psAre symitrique (20) itant. suffisante i oils seulo pour ddtsrzniner Pllefet de dtfplacexnent de premidra

approximation. Le eyutamo (20) pout alors. Art~ trait$ do fawon strictement analogue au syatdmo do couche
limits ( 18).

3.s - Fonction d'influenco visqueuse

L'Alminatiou de3 inconnues propres au problime visqueux 6(s) et a(z) dans los systdnies (18) et (20)
fournit uno relation diffirontiollo entre Is viteasa normale ib(s,O), Ia. viteSSo J(z,0) ot Ia PAiJ",A total.

AX'0)

0 s0

Ia vitessso normale th/q d'vent, 6txe rtmplacie par Ia discontinuit.6 de vitosse normala <tI/q > sur Is coupuro
dons a locu d'u~n sillago. Coats relation, qui represente Is condition aux liniitto appliquie i lopirateur "pseudo-
fluids WaWat, carwctriae l'op~frateur '~visquoux' dons Ia "ntament, uumerique du couplaga visquoux -non
viaqueux, vowr Le Bullouw 19.12, 16,181.

La relation snoutre qua lts idles des variables ?h 4tt f no sont pas ayzuetriques, Elie *at tortowant non-
Ratiuars pa I toeem 8 qui oat uigsxM dans. Its tones attachtres, positif dens lts toues dico~lles, It QuI tand
vera llnfinj mux stations do dicolloziout ou do reooIlamout, Le calcul do 8' oat udcssslro pour c0Oolrier Is
W&Wili des al~orithmes do coupl-me.

3.. - Alzorittmirs Aumetriquos do coupims

ý4Lo couptage Yisqueux - non visquoux cat obtenu Woon too zones, salt par Ia mothodu Titieet&. voit par Ia
Mithodo '8emiInaoiza. da Le Balour [151. Cat mithodos d14 ealASUio pour It, caUPlap, do PAUM eXoPUCH4.a
aowlorat Wt tuolenn douaies pour donuer e~ccs (Au Calcul dies (couletunonl ti~co~lds to 1(ilue.8 Sutb- ou
uaper-sonlquto, wnal uo pour fourair autamozlquoemnt te~o .eon do .1. ialttd haiadwe aicmsikt Wa lour
caxactre explicita.'

Tbutalsl, l'anolywo do stabilitd du fluldt pariti vis A vis doe cndiwins #ux litaiws lperwrbif qui sOLawt
#Ud 1wopos.6s 1161 pour difinir cis aLUhodos supponnito 14 fiolutioa d~qu-a~ions a1t&oansaieV, un koniwutmu
do wveejanceA do I'opdratakur fluids parfait dolt duo osturd onutt dtna Mtd*Mou do couplagl;. Ct w inimntf 4i
00aonvieaeci Savdre In PeStiquI plus contraipoan dosa N. Coo tdu c'wmr EnIcr do typo #%plicito actuetloment
uttAAW (50 A 100 pea dt tamip), quo dana to cse d'nu sOlyour potentiol utilizeat uue iocbnt~ut 40 rosAsto~n (6
-A 10 reia)

DaeIM e 1# &O** do Ck(1UChes VitqUOUe WACtaShe ol ko IaobWMVn ViAU§U% We f$WIU On MOdeO ditct
(It, < 1.8 ), to coupkao tit traWd pa U rlbuio t "m o 1srcIV Di)stW par w,'j. '8. le alouts

d6istdtiadoe W(S.0), t(I.o). 94(9.0) AIWU4dedoad copkI a It aux abastas S., il 3'"st 131

j i W'S'(eo. (22)

0
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r aB '
Wooc 9- (23)

(I- R)2 +1

*Dana ces exprosaicna tb.a reprisento Featimation issue du syst~me visqueux, done do (21) avec
* ~* q(x,O), f, =p,'(x,O) et pu reprisente l'aznplification do couplage non-relaX6' 1151, amplification tendant

* ~vera l'infini au dicollement, L'algoritkimo (22) oat capable do propager l'influenco visquouse d'aval en ament.
dana los zones supersoniquca gr~ce A Putilisation do sch~fmas decentria vera I'aval pour (dm/dx),*.1 dans la
relation (17), c'est Adire pour Io couplage, des derivifes do fth, 4 avec qlqj *

D ana les zones od Jo probtonie viaqueux eat, riaolu en mode inverse (Hi > 1.8 ), Ie couplage, eat, traits par
la mifthode 'Semi-laverae". La correction sur wi. eat diduite des estimations visquousos O(Xz,O) et non-
visquouses q'(s,o) at do leurs diriv~es, discritiaoe aux abscisasc xi. Elle s'icrit [118I *+tI -$ Of 0* [q 82q, 14

W., -W0IP 32 (24)

avec let expressions (23) do pu at wft Elle est utiliado sous Is, formie originello 1151 avic ~W.4 ,0, W,3=0
aux nocuds subsooiquor, w, -0 ws wf' aux noeuda supersoniqtses. Lo, dirivo second* do q' oat on outro
diwitistlse svec un d~contrement vers lavai par rapport~ d [a difrivie secondo do J, ce qui augmente la. vitmse
do convergence (pour it noanbre d'oude a,.) at. acceituo la capaciWe Ai propager Pinfluouco visquouse vers
Iamont dana lea zones OUPOzzoniQUos.

4 - Rdoul tau. auutlqii -

La prisente wifthode do ealcul a Ad towne en oouvre tai on utilisaut, pour la partio riwiovazt Wa dquations
d'Eular, I& techuique pseudo instatiounnire i onahalpis total. constanto do Visvnd,Vtuillot (191, qua ~iu
oamantollotuent our wie adaptation du schitnas os~lcito Io Mac Corweack of. SUr VUVian tr.e nt (10 conditionsn
aux limites Par relations d# oompntbilitdo. Los itd'rtatons dog aisonfhmeo do coupslago ont ewtoonjsao on
ofeoctuant 60 pas do tamips dui solvour Euler pa afratioti, avot I& technique du trit.4ra C'FL lOMa.

Lo, anthodo a d'abord itd dsvoloppio pour Jo calcul des icouleaneutw vtsquoux on i rana pln Los roraulta
Out pffrllis do vOF1fior Is C&P&ciW do It iuditodo Ctri tutr It dicolloment ofteido sinst quo Its divers typos
dlnterscun Coache luimits - oado do clioc, ta ttianoniquo fite ao ro itu s out v~r~e' Awlu quo IsA
Pioiuito "imbathdo Indtrocf* doutanwtioa vw~quoux non vtsquouix pout dLra utillia oaut do* (&Oiuettea
qu~oukonqa avic wouaxctwasi visqueuves mulipisa, aussi ksn anti quo itsoeouehes limtoatu go $out pas
COBAUIfi,nlote souka: donunte Atcossium o a calcul otkaut Its Waitse quo dana Its bwtodo. Darocta? d-
gruiaohu~ d~quttowus do Naimer Swtosea

La wdtlhode a #usoite #W divolopl~o pour It calcul ea cuont v'equoeux do 6lltev d'oubts plans..

4t - Conditiort aux lim iks - Echo flea do dwurietriaon

Los eleanits snt conoutuic, do is Somoviti, des coudittous j 4amon t, dui flutd. Iaadwt et de t-a cou4:h
visquvua. E~lit vout wwnpfiwtor par un. donatfo d Vavl, 00110 do Is motrc prebaien on tfumnoaiquo, suppo"Ad
iciUuiomea dana It sacoiu do sonic. ot cell. du. Istour i un. situalioo do flatbi i naaow-on viqsgutum 4
1PISAMdaW SYA1 d. 11 Mouch. VieA44ouse on loupaoniquo (gladiout do jgo.aon Westgidinai nut dais 1Awvv
vftsquoust), unotel ta~ ouditiou pbuvaait fu tt.ceaplscft par Is do~nn'. di la p~oao dl asoeaaI a
d'UAno (4014t sui- ou iousdUtmnduit.

Outgo lW POWMOGno POPCOc AU taMIMnt do coupln.4 ViqutUt - u00 ViaquowiK, toli qu- 14 C'Ondition
ei'oatto*i danae tout*sn oil w>0 sinsi quo so colncolnon avtt: it couplatt dui 4114t, une woh'ataib
twaPOW to stas cat ckdcils d'intoctiou. vioquoumc cototopl otts I& woiilosd d'uutmto div. wanitljesc
04116lwatatan donws. pour ta~kUtr numi iueztut, tost .a sa do voramcsvioa dvs dJoo~ilouavts bituuo~nt. 11
W~llo &Is Musloo d4ant tro Winft~ o do tnoitd an juois & Iojsipawou, "*al do .i~t wche visqusus. en .

LDew 0saUM. Alois d#4" uhaistut *ana *n ot 604d 4U0. divonpue. d"e 06aftenIm do 00uplp. antt do
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touts mani~re A une rdsolution inexacte des phdnomanes physiques, dominde par Is dissipation numirique des
* scht~mas de calcul. Bien quo moins contraignanto quo l'ochelle de discr$'tisation en z n~cessaire on cas do

rdsolution des iquat~ions do Navier-Stokes, cette ichetll do discritisation minimale en x pour lea probldmes
*d'intoractions fortes turbulentos conduit 9 une difficultd pratique de maillage dui champ de calcul. Elle conduit

aussi & une pinaliti notable, loraque Io maillage eat uniformiment dense, pour lea techniques explicitos des
solveurs 'Euler" et "couplago", notornment dens les cas prisentant des zones quasi-soniquos 4tendues. Le
diveloppoment de solvents non-explicitos sinsi quo do maillagos auto-adaptables 114,131 eat copondant
envisageable.

4.2 -Canal transsoniqumo syradtrigue

Cetto configuration ainsi quo calls dui paragraphs 4.3 confrontent Is prisente m~thode de calcul 9 des
expiriencoa .~'interaction couch. lim it..- onde -do ohoc en transsoniquo offectuios & I'ONERA, D elory 1201. 11
ssagit ici d'uno tuytre plane suporsonique symdtrique d'environ 120x100 mm do section, alimentife A ume
pression totals do 0.96 bar at umo tompirature totals, do 8W*K~dans ]&quello Is contie-pression induit uno
interaction choc droit, - couch. limits turbulent., sensiblemont Al Mach=1.30, ovoc un nombre do Reynolds
fond$ sur la vitesse locale ainsi quo U'paiasour 6 do Is couch. limit. an ddbut d'nteraction R4 t- 2. X10 4.
L'interaction correspond environ au d~colloment naissaut,

Dans Io calcut, to couch. limit. A l'aiont do ts tuy~re oat supposes d'Epaissour adgligoabte. Par ailleurs,
l'oxpdrionco faisant appol i un second cot mobile no conduisant pas i une contro-presaion coanmo avoc
prefciaion, la comparaison calcul - exp~rienco eat effectaido en ajustant finemont to Contra prossion theorique
pour faire coincidor les zones de dibut dinteraction.

Le maillage utilisef comport. 1&0x27 noeuds. Des rossorromenta tocaux dui maitlage on a to long do ta. paroi
ainsti qu'on x A labscisso do ddbut d'interaaflion conduisent duen cotte zone ii des cllhutes sensibleanent. caurfes
comportant. environ 4. railles par ipaissour do couch. limit.. La comparoison des lignes iso-densitks calculies
Weec in interfirogranmmo exp4rimental en taint. plate, figure 1, inontre to trid bon accord qualilatf obtanu,
blen quo to calcul soit effectud aooe lo moddlo algdbrique do turbulence.

La figuro 2 montre los distributions do prossion 1 14 paroi calculeoave tYo' In oddlo de turbulence
ell~brique at. avec It modlel 1 2 iquations, ainsi qu'en fluid. parfbaLt. La contro-prossion eat ideatique dons Its
trois Caltuls P -0OASSP, l'wot avee I& prossion experimental. pouvant Artr imputdo aix effete des Couches
limit., den parois l4tdralos. On obeorva imnportanct do I* viocositit our ta poulbon etaur Plntansitte dui choc, to
porto do prosaion d'arrvt dewa to pooudo-fiuid4 parfait & laplomb dui choc itant an out~ro 4Eliwni au uivooau do
Is pwoi.

La ctlcul aveo moddle do tubulonot & 2 iquAatos intaepalos oritliore I& pridiction do Is proasin at do
Ve'aalsaeur do diplaoweent, figures 2 at 3. L'.xaznon des profits do viteaue, fIgure 4 et 6, montro copendsat
qut cotta aindlloration eat outachiv dune to&dra aurotlwtim on do I* tendanco am dicollezmeot at quo tea
perfotmancoa des diwt tuoddle# reoauot &Iobakmouet "iilairos an co do dicaltaonot oasaaiat.

4-1 - CAnal itinoiqu diss Eitr iqu

Cotta ci fiaurstion, figula 0, ilhustraIasi possibtlt~tt do calcul A Is lots pout lt 4ouleweal oomplexss' outt
do$ gioiniasa queotonquoll ai-o inumrciwioa viquousta multiplos. at pour tIn decolitmoutsfta tids
coudumuat i des puaatfsre do forta.&#lvE (11, tv 26). Los conditons 664t aices it It o acton dui canal
Eleat otnasblomeet Its toknot qu'tn 4.t, It dtfoolltwout Masaif A N'challo do h to onchw itoI rE'aulo d'uno
ttaateocio anda do. cha. -couch. limito turbultau te Mach e* 1.38. L4#l oat indut#f pat conutrepreoion djus

s Ua aaltacontque dissywdtrjquv clit to pesol tatctaure pr~sontou tne boa., Istwo seo uporteuro lfta
plans. Le nowbre do Reynolds local en debut dliatgactuao basE aut l'spunaour do tsocoucb. Waitl lafitionro
"t ot~vlton Rg mr8 do04

Wa M4111o1, do 200140 UioaUci, couvrant Ia Moe -0.010< i <0.460w, ci aprd dtuo fewtitmemt dens
Istigo gto dui choc, figur. 6, s~usts Il'a su Vied du choo our It peri a Etriturs, Vaeittoau Oi ~d dui thoc our Is
Pril iOIOUN, tour lishpla fwodonsi cau~tds, Ototr 1. at iwo~scb, 61ture 6i v uallsait 1atcouuonsaL Lt
tp*414 44kbrqui to Wfetzat ocadulit i u. oous-ustinato qnoai-atal. dui dewltatt pout Cot
icouktouont ko %atel Oat OlUecwE **to to thoddlie A? 44qnolln ts &oot-r ouooioP -O O59p, olant 1joal
pout pogitouter to ddbat C'AfeAvlowot As to w ia~litivfeoj .

La figute 10 compae a 1'oxpetitactts lja pcaouot Wculits suta les PArol supitittrus et. Iufditiuts. Sur is
11*0i i~fitieiiOut0 Pon ut "Wtr 4Q*d"tJ o w~erbot 4 ompseaou ono a or &Von% Wo N&eUN do P"aicOA do 1 toula
dicotIW4. DeS 11COU~tkeuonb avoc divuuo cWtcia eat wooWe quo colt. snootshe, qul uaduit Is.""yo tive pligi
do It UtOlasaica 12 panoemlgo duo rasoflh d. vilews Wutbukal pour do* otout i fteowxosiiaoua ta~do. at
ciatiUs 441004dhbt qu'uu* Wltost ftlas 4OceZs4 dui cuiul. Obtwt obavu as eluI~n r quo I& sadhola 4,u
200dile doa tawbuttrice A2 i qusation, qul saweow Pavorsot IootoEix coaduit au contirlto & iane wsatdiwuo
*A4=%UiQuo di o. aiutous waiu qua us. pfvaousol do decoutloiut

Li. "vi d& uivost&5 deIo seson platas A to eal Vi firituiv, do "t-osao. la quo do
PwaltOnnamottr dia Cbuc 4 1& to w e upfdutare. Aput. 10. Usuaaalot souls tome. 6"de~ Ls dildkotes sououe
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d'onrour, c'ost, i dire IFimperfection do Is. moddlisation turbulent. du calcul, Pinfluonce parasite des couches
-limites sur los parole latifrales dans Pexoxrience, I'hypothdse do pressiori uniforms dane Ia section de sortie du
calcul, ainsi quo Patustemont do cotta prossion pour recalor Ie debut d'interaction i la paroi iuniiriouro. 11
somblo diflicioe do diffirencier COB diffifreato off ets conipto tenu do Is sensibilitif d'un tol (kouloment,
trmnssonique A touts perturbation.

La figure 9 fournit. Is distribution de vitesse normals A la paroi intdrieure dens le pseudo-fluide parfait,
calculi(* i convergence du couplage fortk qui traduit l'offet do diplacement ginifralisef. La reigular itif des vaelurs
diserdtes montre Is bonne convergence du couplago. On note quo Ia densitdf des nocuds. dans ]a zone do
compression, en amiont du dicollement, oct suffisants pour ri~soudre offectivoment l'interaction choc - couch.
limits. On note do plus los valeurse levies induites par Io dicoolleinont sur l'anglo d'injection, amnsi quo Is
disconticuitif qui coincide avec to point anguloux do is paroi.

Le caractire hligremnent subsonique plut6t quo Iigirement supersonique du plateau do pression s'associe 9
une sous-ivaluation de I'psissour do diplacemont maximale, figure 11, et du parwamitre do forms maximal,
figure 12, coo deux grandours iftau cependant simulaires aux distributions eoxprimentales, St bien pridites en
dibut d'in~teraction.

La comparaison Al Iexpe'rionco does profits do vitesso moyenno It long do Ira paroi infifrieuro dana Is, zone do
dercolliment - recollement, figure 18, montre qu'en dipit do cern imperfections uno pridiction d'easemnblo djij
astisfaisantoeoat obtenue idi pour ce typo d'ifcoulonionts turbulento complexes, si P'on as r~f dre A h~tat doe Vart
mis en Evidence par la Confifrence Stanford- 1981 pour dos icoulements do m~ime nsture.

La comparsiozr A Pexpd~rienc des profiis do cisaillomont turbulent et d'inergie ciniftique turbulent.,
figures 17 at. 18, montre quo to calcul fournit mussi uno estimation dUji aatisfaisanto do Ia tu.-butence, compte.
tanu do Is comploxitif 4u probldine, en dipit do Is tirnpliciti relatvo do I& modlirsalion. Los profits des figures
17-18 sont difduita des ecartS & I'Equilibro caiculis par (15), indipend-antst db z, ainsi quo does profits d'iquilibro

solou z; asocids A Is Miemso moyenno par un rmoddle do longuour do mndlange.
La courbo d'hytetresis do I% turbulence pandant. to procowssu do dicoltemnent - tecolloment, dens Ie

diagrazmoe "cisailloment turbulent maximal - paroAredr de forme" figure 14. confirmno ceo risultats
relativornent satisfaisants, blon quo Is compareison calcul - oxpifrievce so difgrade dies I% zone do rocollemont,
Enfin Pivolution, en abacisso du maximum do isaxillemont tturbulent ati travers do Is. coucheo visqucuse, figure
18, an" quo du maximum d'ernorgio ciniftique, figure 16, confirm. Vwwcrd qualit4Wi cAlcul - exp~ienca

4A4 - 11=21m do compression samnersoninnu,

Gotte configuration, figure 20, correspond aurx expivanrcos. A Wrs grand3 norubros do Reynolds do Settlos,
Fitzpatrivii, Ilogdonoff 1211. M~e Pertoet do vnthfier I'a~tuido do I& afmthoda 4 calculer un plomier "
d'inteaaction couchef limit. - onds do chot supomanaiquo, ainai qu1 traltor to, prpapziou 40 huglueirce
ViaqUIUSQ VeTS P4100111 *Ar Tigime supotsorrlque olovif

Lo nombre do abamoto M& ~ .5 to d14ra de 13, r=Os 24', It nomnbr do Reynoltb basE tu r
Poputaekrw 41 do Is vouch. limits amonot #at R, -.* 1.46 40.: Un inaillogs de 1OW00 nocud3. touvyat It

soline - 76 < x < 146, conduit A un pea d'eip"c do P1oidro do 0.2U6 dan" Ia gone do d*bUt d'luatracuon.
Lir caltul #at o~ecutf kati I* mod&l do- Wubulenct A 2 iquationts.

La iconpantiou i PoWoxEntrev do to, pronaion Palculi.e A Ia Paroi. 0100~r 21, tmontrv up occor. loavretivota
.ais&Weioau N eat ctop riazt A tnoter quo 4a correction do "courburt ýeduifa" (12), qtut dwat betglisto on
irunAwnique, a ilf Aitt Qui&Et. Son importance appantt pan comprn -uon flt# Pretwoui do Protawo at do.
weood oIrrm, figure 21 Les Itigns tsobuisc dii champ do Preaslon do premieror adif, figure 19, cou-firment
l'itporune -du girsdient do Proelior uormWl (sutoeumin aimi I" ordre) an nokl do Is asircho visqtousi. i..
dikolisetootet~ata ViSUAlidW Wc hogt# UIs-Mab cakld~itoa, Acgute W

4 S .l1e14eini d'une op.) do tooe n amf"60inlou

Laptltude do t.% atifthode efix aul do c-c secoran tW. d' fateion couao. unite *ad* do clioo
supensonicpc 414t anaiys. i U124-1-92, p*uir unr nomishn do Heyaolds basE our l~ipaisxut do couch. Ilimito
in dibut d'itter"U06o Ri et 8.1 .404. 0oum canfiguratioa a Eii Etudiift *xpifmunonla oUse a VQNO11A. I

l Dic.ifldory ~1221
-ut tale t oatdolttui pour ua choe oblique do M~8et" * r-48.25' d idt Wa ia dide do Ilkpro

SUPrA~ufe d'ut Maal Le mnuttiig# utilis. do MOxS0 ntreds, fourait dot madlcs do Vondx* do 0.2U.* n debut
d'mtowtcion ft pr~eraa tn wasmooediat pla d4 ltisaitct du toto MCI-dent.

1ea 0011ibi iobAtis 4V ChIMiP do pttillica do fPwuttber Otds. figuro'22, mon~tnnt quo ce raucreW eAtU teL
utile Pour cosurer Is stiexca du. tobo #A dvoaWt de &;onto. itaposic pai tX coalanuitd do iaptsic NSA0 jis

penal an Ouide 1130111, LK fGure 22 tuotrie quo It calcul rtstitutn I& propig&atio do l'aunrlunr'e vig5.tust ia
IW01t. do iNOP"s. at vialdiso &I ouilWs. lea raints. do ptumliou 4orwaina i.awpota awti oia do I& couch.r
easqircue dw. to, %*At d'ialwiscIuoo

6S Us~otor qua Ottea coofiguration, toinme calka doIs tcunp supttwoetqno, c~forreexmlkal di dosrimctao
%usi maritiqeue?* 4-4 saas do Gtosor. powt 1taquotus ra" c le isairAnt. we orkaauoa die Pmanti ootapiu
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A lour frontiire oxtdriouro (ou bien our la surf ace de diplacemont) serait on difaut, La. prifsente methods do
calcul montre, par lea lignes iso-Mach do la figure 23, quo Ie phinomdne eat. qualitative mont ddcrit.. On y note
l'importaut 4paississoment do la. zone subsonique, on pointillis. Le caicul, effoctue avec Ie meddle do
turbulence algibrique, prevoit un dtfoollement modiri sous lec hoc. La figure 24 compare onfin i l'expiffienco

* Ila distribution do pression do second ordre A Is paroi, ainai quo l'icart entre lea pressions do premier et de
* I second ordro.

40- Grilles d'aubes suporsoniquen

Le calcul eat offactu6 sur un canal intersubo, traitd par moitii do part ot d'autre de I'aube et do Ia ligxie
moyonne du 3illage, qui correspond i one coupure dans Is pseudo-fluid. parf ait, La giomitrie de ce sillage est
determines par Ie couplage visqueux - non visquoux, voir 114), aprds un minimum de convergence do l'effot.
de diplacoznont, Elle oat remise en cause toute loa 50 1 100 iterations do couplage. Unc condition do piriodicite
est appliquife dans le pseudo-fioide parfait entre les trontidroS so1p~rioures ot intirioures, qui coincident par
translation. Les frontidres amont et aval sont choisies parallilos au front do la grille.

La figure 25 montro Is typ- do inailago utilise, i convergence du calcul. Lo maillage conmports 400x32
noeuds, soAt 400%16 pour chaque demi-canal intoraube. Fauato d'une auto-adaptation du maillago, one
distribution uniformiment dense en x do 200 noeuds sur l'sube a dted choisie, la densitd en x devant, aossi
rester dlevio Ie long diu sillago dans Is cia oil colui-ci eot supersonique ot oil il iatoragit avec des chocs ou des
dditaute. Co masillage dense conduit sur I'aube A des mailles do 0.006 cords en x ot 0.006 corde an z. Ceci eta
just. compatible avec l',(chello do r~sooution nicessairo aux phinotudnes do debut d'intorwctios choc - couche
limits, A condition qu'aucune W'ait un. positionnemnent toop proche du bord d'st*que.

Los calculs sont effectuits avoc couplage fort du sillage ont offet do diplacomont ot en positioniioment. IUne
condition do rotour au regime d'interaction faiblo eat imiposes i l'extzrzimM aval du sillage dans Is cas
3uporsonique, Le positionoximent correct du sillago oat important~ pour Is contric dos conditions d'ertropie Is
long do I& coupure, 463e su signs dos .vltose= normalos, elles-mdmes tonction do positionuemoftL Faute de
risoudre U441bol4 du rayon do courbure do herd d'siUaque, I% couclte limnits eat iuititra26 bo rd d'attaqus i
lnt~radoe ot 4 I'extrados on Ia eupposant lamiuairo et d'dp*isuur null*. La, trasition lawinaire - turbulant ast
diclonchis 1 0.5 poureant do cord*, sane surilpa~sissewninL

Lo caicol dors figures 25,26 weat ffectui pour une &title d'aube supctsonique d'ancowmbroernet a~iat L, do
p*a 1.62L, ave on calugo a -W~, pour un nonibre do Mach aznont M t- 1.65. Le uocobrae do lynoldo, bser
sur L aotur litvitasoe du son vitique. eat RL -8, A106. Laconttv-preaaion ituposie' eat P,,O -4-30P,

La figure 25 montao lea ligowa iso-Mach calcul~t sinai. quo Its lignes mobaY03 (ptestonw do premier ordce)
L'~oo~wert et ttalmon. ej~ nique et attcbi. It pzisoate on. interaction cho - cucb# Iut.

oonduit ao voisinq~o do dicolletulat .1 l'itxwdoe Le poaitiounnemat du siliage, watatdtisaqoe do ct regune.
pout Ott* ob~eri. La figote 28 moutxet owfin Its diatuibotionsi do DOMWbO do Machi at do vitesee normall do
Psout.0foluide peaii Calkutia d, to, pauoi et. Sur le tillage, sinsi quo Its distribaoulo dipamieer do diplacomnstt,
d6 qouti1 do wouvaisent ot do pwamreutd do forma. On pout y noter IoitAxacuou couCh. limit&e ondo d0

ulea skl quo l'alotion oompleire does gruutt. aur It tillage copowainqv..
Elec quo souls 4quolques promiers essais do Wcall, imps faitweaet Convftris.a abutt vamar P11 it". daleao

pourt dos oonfigutatious do &titlle. uperuoniquot &vate d~ollemeat, IS cVXarV do Is, mitlsodo a %mither It's
dwoloments ."# colen canal, aliwi quo let risultas enthieurs obtartus tur lit csplogs dikoll.is dos P1ofils
d'Sahi 116. 171, Issantissai *C, Pcacipe 11 POWsibilt~ do eamuer Wa Is PrdUtat tzdthodo let iroutdwonts
dim"Soltcomploee.. treaaoniques ou aupacaoniques.

Los pebline nouaveau* propits wo gtdks d'anbts observis dama cas quclqut ssaiset p~hcnlneires
uNibtaNat lif's i Is. dillkoltw inpoa~i* pa l'febotol via fiat des Phitorintso da d~ecollawtit turbulent toraque
lii iatitractions coto - cou-cht lmit* #A fvcoh#Yt do Ia pattia amant dqo Pautib ( A < 0.'25 6 on d~but
d'iatacetuio), ficbell qui teadxafti utile one uteotique. d'suwodeptatina du masallaeg I Is toue du pied do
chtm, sinsi quo Is priaeno. do aoaequeal-soniquee 4Unduaa~qui sftot pesiali~cftts sot waillapatd Ui, UsPour Is

iiauw do couverpuc do l'algotit~ae nuwudique da couplage sous Is lom. satuollo..

La present. =4Abtme uumweitque OM"~whe sute i~wuotmuio inturnee dlivolI &esae mterecoas eobc-
wutosar tim it Wals qu'laut &tUs dasub. I& wtgwhda &i caoll qu*s vigt Aid propo# a tt sidrszeuctt pout lts
pitafils d'Walt dicotde

Coe eezt~u" mcmeasos 4uto I.caZul dvii toouleowawieat. terne d~coUh4 pat usa. 'ms'lode tadstct"
d'owsaiac o visqusoux-otm vlsuoua .pklWqseueeis to"Ud oan tour Noe wtumbs de, Reynolds dliv& eat

L ptidssaa diup adiAme as vatour petdicivo We entomosgtosat d'uste rieotltioa &Woachtt savo
taodg 3hoa We usdhods laIgral. pout I" leukn-tout &WldcisE mplaw ee ctu&a sp~ntc ponuvaht

pse aile bou., ra amtg ewlasouiusduse ca~ e. .ooduir. A wa Midiods,

L'lAp actuate permit &suW d'onviseger *enawek oull viet ouns riaolutun ladiscle" Wf'( 4o dhoa

Nswist-Stoaeai put lbasntaleam 0443-i l ot f~linubasq aumi4ique. do WUOUlGo 141t~
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o Exp6rence

0o. o10 + calcui modbl. 1 2 Equations
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Fig. 11 - CanoI dissymitrique M=1.368
Evolution de l'6palsseur do d6pac'ement.
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25. HI -Calcul ModbIo b 2 Equations
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Fig. 12 - Canal dlssymrtricqao . M=1,30.
Evolution du paramdtre do formo Incompressible
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Fig. 13 - Canal di|symitrique . M-1.36 .

Profila de vitese moyanne.
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Fig. 15 - Canal dissyrndtrique .M-1l.38

0.10 */Ddveloppement Evolution de 1'e'nergie turbulente maximale.
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Fig. 14 - Canal dissynt~triojuo . M-'1.38 . Fig. 18 - Canal dlssyme'trique .M=1.30

Evolat'.On dlu toolliclent, do clsailleutent maxnial Evolution du clsallament turbulent maximal.
en roucdon do Hi : fete d'hysteresis sur la tarbuienco.
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11lg. 17 - Canal dlesyme'ttique M,-!,st30
Profils de elsaalletuent, turbs'lent.
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F11. 18 - Canal dilw~ymdtrIque .M-1.38.

Profils dl'tferglt turbulent..
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Fig. 1g - Rampe Supersouique . M-2.85 4ý2* R 6 - 1.4 108
Uigues Iaoabres. (Approximnation de 1'" ordre)

Dicollement

Fig. 20 - Rounpe Supefsonique . M-2.86 *-24* B?-1.4 l08
Lignes a-ah

8.ppo-Cacl *~Calcul K-o . lor ordre

SExp-Maiuce cac I 26we ordre
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Fig. 21 - Ramp. Supersonique . M-2,85 4 -24 . R5 -1.4 108
DistiIbution do proaslon i I& parol.
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Fig. 22 - Interaction couche lmite - onde de choc.
Ligues Isobares. (Approximation do I" ordre)

Fig, 23. -Interaction c-oucho Iliite - ondo do choc an stiperfluaique
M-1.2 4V8.26 i.iR-0.7 104 Lignes Iso-Mach.
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Fig. 24 - Interaction couche ilin ito - onde do choc en suporsnique
M--2-4-8.25* R4-5.7 104 Distributlon do prossion i Is parol.
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Fig, 28 - CalOul d'uu e!couletnent vlaquoux do grille d'aubo supersuolqlue*



13-20

DISCUSSION

FIAbae4f Fr
1. Dana un canal interaube, comportant une zone visqueuse importante, oit ptut-on appli-quer Ia relation do couplage

entre los fluides visqucux et non-visqueux?

2. Comment adapter cette mddsode dans le cas do canaux pour lequel l'.coulement est totalensent visquoux?

Author's Reply
I . La dissociation en probl~mes visqueux et non-visqueux 6tant 6ffectu&e avec recouvrement complet des dews

domaines do calcul, le couplage entre le pseudo-fluide parfait et le fluide visqueux riol suppose simplensent qu'll
subsiste un noyau rdsiduel non-visquews, aussi r~luit so it-il, au cenitre du canal. La condition de Taccordement
"~continu" (Matching) impliquc quo los deux fluides s'identifient dama cette zone, au sein do laquelle pout4tre
arbitrairement placde la distance de la paroi qui est notde schdmatiquement z, dana le conditions do couplage fort.
La "Formulation Dificitaire" proposie rend la solution totaloment inddpenidante du choix pr.~cis do cette distance
i la paroi, pourvu qu'elle so situo dana te noyau non-visqueux.

2. L'extension de la sndthode au riginie do conduite, lorsque l'coulensent ost visqueux dans sa totalitd, n'est pas
envisagie ici. Les relations do couplage pricidentes restent valides. En revanche, los ijuations d'Euler no peuvent
plus 6tre appliqudes au pseudo-fluide parfait. Bien qu'il no soit probablement pas impossible d'titendre Ia
Formulation Dt6flcitaire is ces rigimes, it n'cst effectivement pas certain quo ces regies restent dans le domaine
d'intdr& do la pr~sente technique numndrique.

Mr Kerdullt, Ge
Your results are very impressive, therefore it is a pity that for the channel flow the agreement bc:w.cen predicted and
measured pressure cannot be tuned. As far as I know the back pressure is prescribed. Therefore: why didn't you adjust
the back pressure to the experimentally observed value?

Author's Reply
In fact, It was not possible, with the present ONERA experiment, to mnake an exact comparison between calculation and
experiment by adjusting the two back-pressures.Tihe experitnienial device Is a small wind twsnel, with a roughly square
section, where non-negligible three-dimensional effects are generated by the boundary layers on the side-walls.
especially in transonic seprated flow, The experiment is also controlled by adjusting the geometry of a second-tisroat
whose contour is not exactly known, and which then cannot be included in the caClcuatIon. 'the Upper anvd lower Wall
pressure measurements are restricted to a zone upstream of the second throat, and the pressure across the -.hamnel at
the last measured station Is not fully uniform, The calculation domain has been then continued farther downstram the
second throat, and it is assumed that the back pressure is uniform across the exit sectoon.
Due to the sensitivity of Ruch a transonic flow to minor changes on boundary conditions, it was bolleved, within the
present constraints, that the more valuable comparison with experiment was to match the beginnings of Interaction (i.e.
shook locations) for the Inner wall, where the separation was studied, by adjusting arbitrarily the theorttical back-
pressure. Of course, this choice coticentrates the overall discrepancies due to the experimental 31)-interferences and to
the limitations of the calculation ott the comparison obtained fur the back pressure and wall pressure,

Jjmouzuulaills, Go
You did not make any approximation on the pressure field, ike in the clussical boundary layer theory that the pressure

A ~is constant across the boundary layer. Did you calculate the pressure field?

Autbors Reply
We make an approxImation which is of the first order and I3 not exactly the same as in the boundary layer theory,
because we extend the inviscid flow upi to the wall, In this case, tlte simplest approximaition 6s to asswae that tie normal
pressure gradient is not zero but I6 the sante as lit the inviseild field. Thils approxinmation is lin fact inplicitly maude, as
soon as you use integral methtods. Looking carefully at the equations, you can see that the Integral nmethod gives a higher
approximation than the finite difference equations of PTIUUUL 1110 difficulty is of course displaced to the clrour
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CALCUL TRIDIMENSIONNEL DANS LES

AIJBAGES DE TURBO-?4ACHINES A'IEC NAGEOIRE

Patr

T.DERRIEN

Soci~t6 Nationale d'Etudo ot do C',ý.itruction do' Motours dlAviation (SNECbIA)

77550 KOXSSY-CRANAYEL

FRANCE

RESUME

On pr~Aente~ra ict uno rdaoutaion nun~riqus dom' 6quationa d'Fultr au tra-ors d'un aubag..
dos rotQt mobile pourvur d'unt noigtuir... On rxr-licite la m~thodo par tdom~invm, chutis!" pour'
&a simplicit6 do faino e'n oouvrtt.
L'analyat' dos r43ultats do. calcul*, A compars.' avtec coux obtrnus daret It's nwsm conditionu
our It, ut~.e aubag' manna nagoolrs., pormaetrn do. d~gag.'r Ins principalona influencom dts la
nagouire vor Ile chomp aerodynamiquo.

INTRODUCTION

Lo. progN-ýH dos ordinatt'urak rvt'tnn#. AajourithuiloIt coAt d'un calcul tridimt'nalonnol doi
fluide parfait abnrdi~blo. D'Autrp part-, ci't tv mod~Ilisatin .'st la prni-m~rp apprucho
satflafaiaatv poor Pa4nolyme. ultx 'ret'ti rolatifi d'uno nagruiro non a Aiys~

t
r~triq dan,.

nuot rout, dot t~urbo-machtnt'.
Nonit pr6 he'llt pons lei un d~voloppo ont. dvoi m~thodtes- P40k1idtu.tiAttiuiuiiaiv'.- p Uoiag4
doputm longomepo A I ONERA (ref, 721, j Iot ý [a SNECIIA. Colvi-vi sat dooe un vitompli.

A. FORMULATION

1. Equation* dan, s toreopro mobile

En partant, di.. tquuatiotnx tip 14 dynAmiltit dt'. gait on rop~rp fv Ocat, 1,0 I i Agliag,.

It's tont'aonA visquouat.. ou duo*a 4 IQ gruavit#, on cit

(o)A + dr()=

avac



La transformation dans un rt.p~ro rolatif, entraind avac Paube dans un mouvement
uniforine, peut 81 6crirý.

(6) ++.) ,wI
a(iV--. - 4%-

lo, o"0

ddt

~~ij+ w

sot ~ ~ a = Ot ~ iA)

OrZ +

0-ew rtwMý t:A + IýY)

at:
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[ ft f'44 4,fuct I
Lz f ir Jto G~ (itr) fvltsr H(t)flu)

Cette formulation eat cello qut soc-a oftoctivocaent discrdtist~e On trouvora unc'
formo vonsotrvativo clans rdf. 7

2. Conditions Aux linites

a) Los conditions aux limiti's stint Ion suivantro

-pSriodicit4 (I ioul canal inter-auibo oat traitti)

- gltissomrnt I a vitoaspse ur Ins parc-is solijos dolt so trouvor dana In plan
tangrant At sodide. Cottv condition 4o roncontro done our IV moyou. Io carter,
Iintrados ot l'nxtradoa do l'aoibo, ot la nagvot-ro.

- -onclitionh d'alimontation A l'asont : La prossion totalo, 14 toapdratccrt totalo
ot Ito diroction abwolue do I'cuoet&lasuunt sentt cuoviorvtos pondant )a
doirgs dol calcul.

-,condition do preasion avalo) t La pi-osoton mtattiqon au anyoti dlana It plan not
ftxdo cotlc-ii sort ciunc A ajoott-r It' vatnnago dot coapreomeor. L"' profil
radial do pre'cAlon otatiqun clot sora Iupt 4 ot iw d'on calica atmplIi'i
do l'4qoiitbOv radial (ipas do ccnarburo do* lignvl- do courant). Ce cale.) *-it
otft'vtca A vIcaque itticat too.

b) Lionst 4nc IV' valcoil dv I'Aoouloaoot udrtdlon,

In champ Initial, ot par rnntaqcucont Ios villoW-it phytiqutos qol avsc-On cOnaorvdea&
pendant In valcuil. pe-oviopilont idtan 40vl.ci adricin, n4 to sopu. offet dc. blatago
oat all A l'aube.

b. L'AI'PRiOCRE PAR 5OU$-DOOAI89 $c SI' IN~tt

La9 r'90tiatlt inn noA~rlqnn dos 6cticot tons par uon toohini'nn dlitftrvnvo (ilt".
plisar~ par 1,iahot-atton d'c'r: 'AoIllato. aNis to roat quil now" prdnvctopv,
l'approcce IA Plm low impl conctmist 4 cr~ir 2 *ai)IAKOS disjoint," roaspltwoait
Ito tiosaiccr do calcul, a0ycmnt (Inerc tins trontirOs p sttem i pe-ýmior dosatno

4sot conntituO, dvdcrlvaet In, canal Intor-aubol dio 4%oya..A ittde aoi'
In. actionti allaot do I'oxitradoo narnoirn aic varter.
La a-4ctlutiuo ncot~qos fcu Aceivant Is. #ttapos dte;.-hteo0 ci-4pr~tw'

N to utppelaant. 1,3 ninent,-4 trapsto o" n app) iqup 1, mdy~n d'awanict-
Mont Von tosips & rialtito dosalinleti do alvti)
* Los% conditions acts Im"iteo propi-os A chaqtue nouni (gl~isovment. phriodlcit4t,
aftant, avail .4ont onoilt" traittios.

-Onl etff'ctuo. alorsi In (c)QplagC ski% Crontirt'"s COmt~tlOOs doS dcciX do0main.'.,
A l'aidio dos- rotations do. compatibflttd a A Vlisacac cii cttto plihas.4. to
ddtoermlnaticin do* vartablc's do caircal stir veil trontihrom oat n~itlitin

*Puts Ilon app)liquec la phase aultlgrtllo 'etlrto dr ulonvorgoncel A
ohaqca. duaomains e4.clvii).
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Cette arganisiation est r6sum~e dans le diagra~mm ci-dessous

DOM At NE iDOMAIN4E 2.

CW ITIN u CNITIW

Noun alluonMa* mnoioL * explicitr ehaquso phami..

C. REOLUT:ON NUMER12.0

Ncao A4optjoom ite Iv. cI**#fiwu %tch6iw d ft"Namauk, du. tyv x04Wtt"t*-
corr.mt9Aur. quo I on 4t~ritt

V,~~" A" ¶.r

U.. -A T "SLL + L ~ Kj

c)er i4y ?a

- Utpo ~ ~tlge conrtomm If icil' c O t.qslt v wteAIk Cl~i.toi t'Ic tdttru'p' p -

Tbiltc.,& ' 1pepu tnd uvoes~ on ha~ti. e.uti i*ct4g.itatI&' dr 1r AtAjn.tifiet cucp do
]our~e ut1tnioi donc~ ýce. run,'~vi 4. 1ii.c 6.IIpd.I~rJ.iitMo~c

visA notot romrfi(s-it doi d Iolopppe I*i ar~thot~r i~'m vtotspli4't. dotti I'kk~iIation. oft i

to apIrot k. v" *vvpcc .. 11oiakt 0ucu d i.Ausdt volf-t's il cri&s.

U14 (f a r i"Uit'"
Im~oom do schu 4I4mJ iz Pho poihnt P ap p~rtipcn*it 1 dor~~uno difftiwroti
Lot 00 art (s), Bolt r~ I normalhp 1"W14gcc ctt dovcAi (m) ata VlaL P.

"A*
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(ici %*** Yr W d~signemnt Ira valours do I& vitesso relative dan-s tan reptro
orthcnort4 do premier vectour )-

Si u oat aupersonique, c'ost Ie domaine amont qtzi impose son champ.
Si u "at subsonique, uSo > , nous diaposona do 5 relations do coapatibi-

"0. +.

agaoc~eos rospoctivomont sits vaourst propro 1A / _a4. _tz (-u)..
du Astbe lidarsA r~f . 1 lapromt~ro V taut danx I- domain"' (11), Is.i

quatro aulivantos dana Ilo domain.' (S). Lo. ayst~mv llndair*. d'ordro 5 a tan ddtr.r-
atnant uoni nAil, done une solution unique, valour qul oat alarts inpond. a4a point

Notons quo cotto toaelasuquo parmeL dgalresont do traitor It, v" do* frunt ids'o
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DISCUSSION

M..enton, UK
I think that you said that you obtained 35% sating in computer timec by using 2 levels of multigrid. I would have
expected a much greater saving to about 1/3 of theoriginal time. Is that what you meant to say?

Rl~poasc d'Auteur
Le rapport de 35% est bien un gain en CPU; ces relativement niodestes performance& peuvent entre autre s'expliquer
par~
- Ic calcul a chaque itdation, (comptabilistd daus ces, estimations dlans Ia, phase mulfigrid). des surfaces (il y en a 6) et

des volumes de chaque "cube" 1dintentaire.
- La taflle relativement dlevie des mailles, p~nalise l'ivacuation des instationnanitds it grande longueur d'oade
- peut-&treoenfin par la complesxit g~oindihique des ens trait&

fl.So 1, Switzerland
How did you prescribe the downstream boundary conditions for your twocse
- on the basis of a meridional flow (S2) watputatim.?
- were they identical for both cases computed!

RkpuansedAuteur
- Lacs conditions de pression avale, unia quo 'ntdstinvenn d'un calcul niaridien ace prenant en conipto quo

IW blocage d4e I'aub. Nous iWavons pour,. c= n intwatodt aucutte perte Pa.r frottentent.
- NWanrnolns au coors do C"du, scule hi pression AaltdeInoyrts" Cst fix&. 1.1 cadeul siinpWid d'4quilibm radia

(dp - V~/R dR) pemwle d'obtcnir la rtdpavrtitmo avale et fadiae doe Ia prmsioo statique.
- d= anse deux ens. W chatopo nalt&Wican ~tle In tw (avec ou %ams ujagentve

tbJMinch. lie
eoui you comumen on thet multido"WOai petoaciv How tx the inaw.*oA defined Owiwes h dansains, =4 whot is
ttv effect on the Wovrall accuraCY.

IW)MINI~I ~WMAlNE. I

cOndItion ux Undies condtlim- 4os lintites
utndurd Atwkwda

coM4#ae dem dcwt

doluxft 1 tlo"4w.
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'InTM A QUASI THREE DIMENSIONAL METHOD FOR THE CALCULATION
OF TRANSONIC PLOWS IN TURBOMACHINES

Jdrg Haller
O Research Engineer

Univer3itit Stuttgart
Institut f~r Luftfahrtantrrebe

0 Pfaffenwaldring 6
D-7000 Stuttgart 80

umnia

A procedure based on the iterative coupling 9f klow calculations on S1 blade-to-blade stream
surfaces and a flow calculation on an S2 hubrto-tip stream surface is described. The solu-
tions on S1 surfaces of revolution are obtained by a time marching method in finite volume
form, whereas a finite difference method is used for the £2 calculation. The finite diffe-
rence method uses a stream function formulation based on a passage averaging technique in
order to account for non-axlsyametric flows, especially with shocks inside a blade row.
Sample calculations of a single-stage and a two-stage compressor are presented and compared
with measurements.

"2L-tof symbols

b geometrical displacement factor wr radial velocity component

cp apocific heat capacity at WO circums%-rntlal velocity component
constant pressure yr axial velocity component

e etergy variabie a axial elprdinatQ

Cr a relative flow angle
Re unit vectors nqugulAr momentum

it Ahear streos t•e•or

S donotty

ht total enthalpy * cutrdinato In citcufarentll

rothalpy direction

* mridional toortliiiate dissipation

144 NAch number a trooam funet lot

p ' rosautr V rotational speed

O heet ero unit votu"e Wal M atteofoator
Sradiat coordinate

k gas cockst4nt subsvcripts.

0, right hond side enearvy e"wation abs absolute
% ribht hand side rct trl4tive

m~ttttu fle fuatwt arbitrary ref#erence condition
10 right hand sIde r'e.4 r.Adiaereaeonr

Atigular uvosntub. equwtl
Ry right hatnd side axial directiao

sren function uatioy

w relative velooity

Dlue to their hiqh toer co"neontratio amd prosure ratios. tratosv•c coeweesors ate wide-
ly used in modern gas turbivil. The deveiepaent of "v cvoponentj fot gas turbines takot
advantage of the rapidly growing ability to pfedi•t the flow through tutbuobahitee by means
of ntUaTIcai ealculatIone.

$Sine the three dicenslonsi, unsteady and viscous faco. through turbamachines cannot te Ana-
lysed It' this generality with the nwmricall *ethWo available, simplified flow 4n6de are
the basi6 of sil calculation procedvras. The majority of these numerical bthods ts re-
trlctefd to tVo dmensional flOW models,. ssum1Wg steady flOW conditions. tWkly three di-

n#ftnsionsl methods have bnon developed. but thate apji lte ! it-le6 to ieolat*4 bladl
rows or single stages at bost 1l. In ordtr to reduce the requijed e0oputer storage and
-C ltulAtion tln, thA flow is normally calculated either on an fl hub-to-tip stream our-
face or on an 81 blade-to-blsd stream surface. go"s authors cashing the coePUteotese on
the S1 An" 52 stint .surfaces Iteratively in otdrt to calculAte the intfuen of the bli-
disugs mort accurately, usia; a so calted quasi this6 dLamloloasI gethod /2/. /31.

I.



Many of tlkese methods are not suited to calculate flows with Mach numbers close to unity
because of singularities in the equations used, or are a priori restricted to subsonic or
supersonic flows /4/, /5/.

This paper deals with a quasi three dimensional calculation procedure which has evolved
out of a calculation method for the flow on an 82 stream surface, assuming axisymmetric
flow. A modified version of this method has been coupled with a time marching method for
blade-to-blade calculations in order to make It applicable to transonic flows in turbo-
aachtnes.

Flow Modol

All SI and S2 stream surface calcolatlons are based upon a theory developed by Wu /6/ which
doscribes the steady, three dimensional flow through a blade row using so~utions of Itera-
tively coupled S1 and 82 stream surface calculations as shown in fig. 1. However, this
theory is restricted to an isolated blade row. Owing to the relative rotation of two ad~a-
cent blade rows in a compressor or turbine stage, the S2 stream surfaces of the first blade
row cannot be linked with the S2 stream surfaces of the second blade row, when steady flow
conditions are assumed.

In order to calculate the flow through multistage turbomachines, a single $2 stream cur-
face per blade row is used In the approach described here. Figure 2 shows this sinqle S22
Wtream surface together with the SI stream surfaces which arc def-,ned by rotating the
streamlines in the aeridiosali plane around the machine axis. The ¶Lh:*pe of the 82 stream
surface can be obtained by averaging the flow varle-bles on Zh, ".iurtocnt in circumferen-
tial direction, as will be describ~ed more detailed tin one of the folwn qhapters. in
the iterative pross of Si and $2 calculations, the stream surface shapes are allowetd to
change. The calculation stops when the changes have fallent below a prescribed value, this
flow model is Called a quasi three dimensional flov model tin thIsi paper. The 32 str.-am sur,-
face is presicribed for the hub-to-tip calculation only in the bladle row regions. wherkas

* in the biadoless ann~ular duct regions an4 additional equation for the anqular aosentus is

this part of the quasi three diseonsona4 sys5tem ha44 0s origin Iin at through flow mthodtm
assum~ing asisyamettie flow 1$/. 17/. the. basic equatip on isam fcto of V4*s equa4taton.
Stieilar equat'lons are doxivesl tor rotor. site4tr andi bladelessp oanular ducvt regions. As isý
usual in torbesa~chanory fjcw Q41vleltlon, theo stream' functionl V. rte' ktotl etithalpy hs 1 4an
the enttropy s are used as Pmain esaPUtatitqti variables. The density tois1calclated outt of
the 40ensity-mlss flow rel~tatio (sot- fig. )) with heý help of a tnlahunieain

Tthi Origmoinl e~talcutvati protedure is aplcbl url ubsonie 'r Purely sproi
floWs. traisenlic flowst cannOvt 40e treated4 bec~ause at the s4iigulttY t09 in helnsisy - tq.)
f liw rot otion The? methd la0.s tci an1 adeFquteit erlirit-on "o the loes4tion otf the onile line,
wheare she? density Cal:ulat ion" has so "wtkch fta- th, ethibsot~ti brancih toi fig. I tl: the on.
"torsnie. braiwli or vied versa, Anoether difficulty# of thohe t b simethsod ie. the efaett
of shos11t insitde the bla4d tows 44 ANhown In ftg. 4. lt is 4AVivus thAT tthe4_se hofax Oann~ut
be rqi'tosensed adequately byv ani assnt ielow -44t neuleningq varialons .e Vhe flow
variables in riitetildeco.

deveri nsdflestons ave ben saeIn ordr to j'geeoc these 40fuclehieeo ttf the rgia
40etho-L Varfiations oýf tug flwv variable let iefenildetinCott 4"t) tAken ilute
ocj-uot by intvreqAtlnq the fenianen1tt4I equati11ns for thre dwesius flowsin 111rite-ante-

renttial 44ýifetion as Protosed by sever-At authIor I, /ý 11/. In order to 44.1e0lp cs'o-uftfaerh-
tialy inse4rstot equatiofto. she folissiny averaqed valev of an. arbittr'.xy flowvvasitbe isk

W~tr ., 2 1(.0

otolar t tr,h*tvs)mi9 arala cubin 5 1r4.ul da i av Iiictoep

Nirech tu In ats. /) po os t1A intoducea sicn tj,4o Mass teraged variably4von it

strl khwk(ae ig.S)APt1 dA14 t----- r--"-- 2eff..)*@ inth *3ri1c' .)4" go v

Thus, flo fig.ab.sTh catia beMrataSthe cinto01 eivmeeallyato~ h averge alus iand ficA ots-
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-<7responding to the Mach number distribution does not reach the critical value. In~the ori-
ginal axisymmetric approach the critical Mo4ch number corresponds to a critical mass flux,
thus leading to Inaccurato results in regions with shocks or sonic lines.

As is described by Hirsch and Waence, the range of the averaging region extendsa from th'e
suction side of oncs blade to the pressure sioc of the adjacent blade. The followinig cir-
cumfoerntially integraed equations c-an be derived by applying the averaging procedure of

*Hirsch and Pencoe to the fundamental equations and switching from integral to differential
notation:

continuity equationt V(brpQl 03

- equation of motion (Q-V)Q + 2w',; % .Alw'rl 4 Vp - : + -~o'' 0 t3 4k
0 0 bra

-energy eqn~tioii --V I.V 1' 1 1 ý
- Qa -5 a- wVU lbow'1Is

The pressure gradient in the equation of motion is normally replaced by an entropy 4vadient
And an enthAlpy qradic-nt, If a stieam function formulation of the equations is used. in
the method desctibed hiere, the momentum flitx variable

g . PW' 4 p16

is used ingtead of the eNtropy 4s a main evmpu~tattonal variable, It Is better suited t-at
the desc~ription of flows Vit): shocks and allow, to compute the J.L-oslty oit of the m410 v4-
riablesi by s~olving a% simple qu44ratic eq.-itioo %nstqad o( the? iterative pr)cedurfe. -ht
stream tnictiton equation can ne~w be develuprd, using the follwitng deforivtio;n equation

Vt * ibr e. brew e. (7)

4nd t~cit the sqa o f2tooInoadrcini rt~hqkPta.A to tha averaged vlo
eity iteetvr 4!5 lhowti itt $t', UThe trsttiIorat eq4uation for the isru Om flux nay l dse tkr-"re by UraiVtln tho C44ww4too iof aortoýn tntle the dirQVA4tu 6z the volocity Noectkr 4. The
Anetlar tasacnttm e'ýtwuatto ko 4derivOA by a pto*J"Tltoý Into the tcutrnts drcin
TVi averagig poconi t4 also, Valid iN% -%hz w tlaelg.ý ductx if the tt1sst00i Oatte!Ad
4'21 t, s theý w00 l V ictflrevr Th)us, 1t4e telosng t at e stkigmar 44n tio sabihti

tttI

thV grŽ*tdltates t sd N Arv t~~n ritdsrsit~n '-P1l to $14. fm-thstt

ftitte retlofto tile var~able P1 s tv o be 't it rj-ttec With table 1. It kho tl*v,4loQ*s
snttuillt duCt1 inoto"e, the antelar tcqatgae-tAotts hAoCv thefet's-

r.4
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ftm~rical Approximation

Trhe equations are di..cretizod with a finite difference approximation of the darivatives.
A nonorthogonal, contour adapted grid is used in the meridional piax~e, vee fiq. 8. In or-
der~ to keep the discrotisiation schemes simple., thia grid rit transformed to an orthogonal
equidistant grid shown ),n fig. 9

The algebraic ry-stem of oqqations for th'. unknowni stream funct~ion Yalu-is at the Irld Voints
in one row J'-conet. is solved by a succe!3sive line o-!erretax~ticn method. In rrder to en-
sure stability?, centered. cliscretisation schemes are usedj;_ the subsonic regime, whereas
once sided dtserettsatlon schemes following the apliroximaztons of Murda~n and Cole /91 are
ap~ilied in fl~.e supersonic reglmeý. Th-n transpcrt. equ.,tions ar.c sclved with in explicit me-
thod based on centered dscreti-antiol scheme4.

Boundary Conidi tion-

Assumintj teridional Mach, numberQe below unity, th-e stroan function dOistr-ibud.on has to be
pretscrjbe)d At every bouftary of the %xvmu,.%tjo,,akI uomain, see fig, 8. N.atmaliy the compu-
tatiorial doffiain Is chovion in a way that allows tho *asumpticon of uni.'or;ý paratllel flow at.
the ýitlet bWondkry. ThiN hub 8nd tip octundaries are treated as streamlines.. At the (silt
roitondary, the s-tream ftuncýtionl Aistrl'ý4tlon isL no-t known ,, priori. lherefore it is kAstumed
tu be equal to the drstyibuti.ox, calculated at the r-w of qril fpeinrz next to the exit.
Althouqh A partial dt~forentiaj approximtation is U'is fe, the sltinof the trantiport
Pquatiuns, they atva ordinayy dittovonrral OquatLion#. The initlal values for their int-egr4-
tion zre ttiaotn. wres thto intlet bounda~zy.

4n Qor*"r to let~h. fsiAti' Ajsksi." of e4"atltolls the VelO"Ity evmotient5, teMOmpturest*~'t~asures a~ni the tnslt;' h:v to beý calculated iOut tit the mi puaonivAriale.

In ti-hi bi~tl.ký,s duct reqj:nzS' the folloving eq4r~a e UOVer 0. delov'Ip a gu'A4ratlo
fi>! the d.isUIty ebCaulatiorui

t;- ý eai-vty *'uel t !i' u 't rat 141 1 i5C ais Velaa-io4 toui-O~ Imli, 4"N"stnt tho Cc ti s

I'b nalall loo 3. qA Sir iftwd I

I IIV t 46 tf

SAMW* ~ ~ ~ ~ ~ ~ ~~4 eýU "Ol-l 1-W+4b44%TMý'

i-igeiv~~~~~~ C~ ss egt~ ~'hq rafi~ at. 4 ~e takl,-~ ~~i s Tee
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htrel cp - lO) + r 1  + (21)

Here, the quadratic equation has the form

AE2 
- FE + 0 = 0 (22)

In this case A, Z, and r are defined in a similar way as in the annular duct region, but
with tha relative variables for total enthalpy, momentum flux and velocity. The additional
variable (2 mAy be defined with the help of the velocity component in circumferential di-
rection calculated on the S1 stream surfaces:

(2 1 + 2-", _ (23)•tre1.

(1+-hr.)R T0 c--T 0

Again, this quadratic equation has a solution for Z corresponding to meridional Mach num-
bers below unity and another solution corresponding to meridional Mach numbers above unity.
In order to avoid any ambiguity, the application of the method is restricted to flows with
meridional Mach numbers below unity. This restriction seems to be reasonable because most
of toaay's transonic turbomachines are operated in this regime.

Blade-to-Blade Calculation Procedure

Time marching methods solving the unsteady Euler equations are widely in use for blade-to-
blade calculations. Their advantages are the shock capturing capabilities and the hyper-
bolic character of the unsteady Euler equations in both the subsonic and the supersonic
regime, thus allowing the application of a single numerical solution procedure.

Using the equations for three dimensional flows as a starting point for the development of
flow equations on S1 stream surfaces, a local coordinate system tangential to the S1 stream
surface is introduced, see fig. 11. The S1 surface is regarded as the center surface of a
thin stream sheet. With the following assumptions, the number of independent variables in
the equations is reduced from three to two, namely the m and ro directions:

- no velocity component normal to the stream surface is admitted

- the momentum equation in the normal direction is not taken into account

- derivatives of the flow variables normal to the stream surface are neglected

The resulting system cf equations can be written as follows

au
f = dV 4 (F 2m +G e )'dA + f If dV +_P 0 (24)

v at - V

the vectors having the following components

pp Pw ~ 00

"" zw m +P OWW¢ I (2 ow +w, Ro -)-,I 1k

SPw Owmw, owow+p 2 w02 - r, ! 0
dm

Vector P stands for the force exerted on the flow in morididnal direction as a rearvlt of
stream sheet thickness variations. A is the surface of a volume element without tht upper
and lower cover surfaces of the s ream sheet. The energy equiation is replaced by the as-
sumption of constant rothalpy in the rotating coordinate system or constant total anthalpy
in the fixed coordinate system respectivoly. For the solution of the equations a finite
volume method proposed hy Lehthaus /10/ ha& been adopted.

Itoratie Cuupli•o of Hub-to-Til And Blade-to-Blade Calculation

Having defil"d the total mass flow, the values of the flow variables at the inlet, the
rotational speed and the machine geometry, the quasi three dimensional calculatic.1 bogins
wtth a cali~ation on an 82m stream surface. For this initial calculation, the distribu-
tions of the angular momentum and the shape )f the stream surfaces in the blade region have
to be estimated, whxie the fluctuation terms nmay be neglected.

Now the boundary conditions for the blade-ýo-blade calcolations, the stream sheet thick-
hess distribution and the stroaminne char, in the meridional plane can ba determined. The"blade-to-blade calculations furnish the . -.yklar momentum, the 92 stream surface geometry,
and the fluctuation terms for the next huo-to-tip calculation. Those cycles of alternating
"

2
m and 81 calculations are repeated until changes of the flow variable values Tewain be-

low a pruscrib-3 level. Typioally three to four cycles are carried out.
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Hub-to-Tip Stream Surface Generation

Different approaches for the S2mstream surface generation can be to-Aind in the literature.
Often the stream surface is defined as the surface dividi..g the wrass flow between two ad-
jacent blades into two equal parts /11/. In the present method -.nother approach is used.
The average flow direction can be defined with the averagjed velocity components wm and wo.
This flow angle distribution can be integrated on sevcta1 S1 stream surfaces. In order to
form the S2m stream surfaces, these lines have to be stacked in the radial direction, as
is illustrated in fig. 12. Here, the line connecting the centers of gravity of the profile
areas is taken as a reference line for the radial stack.

Resul ts

The method has been ap:lIied to a single-stage transonic compressor shown In fig. 13. This
compressor is designe.' f*c a total pressure ratio of 1.51 at a rotor tip speed of 350 m/s
and a rotor inlet P-cl number at the tip of 1.1. Calculations have been made with a mess
flow of 14.7 kg/s at 10'0 1k speed. Radial pressure and velocity distributions have been
measured bebtod tha roto- and :.he first stator by means of radial traverse probes /12/. In
the meridional plane a comput. tIonal grid with 11 x 81 points has been chosen. No he-at
transfer or fitiction losses have been regarded. Five blade-to-blade calcula..ions on diffe-
rent SI stream surfaces equally ftv~ ling the mass flow have been made for Lhe rot~or and
the first quid.' vane. i tlhe region uf the secrutd guide vane, an axisyassetric approach
without any blade-to--bladle calculaion ha3 btee' applied.

Figures 14a and 14b shojw th.- distributions (_ the relac ve Mach number on the huLb and the
tip S1 st-.eam surfaces respectively. In the lip region (a shock appears, extending from the
leading edge of one bain~e to the suction s.1Ie of the adjacent blade. The distribution of
fluctuation terms in tht: rotor tip region is illustrated in fig. 15. In the shock region,
they amount to ilmost, 4 % of thL- total pressure at the inlet, having a second maximull near
the trailing -'9e.

The accuracl scouplrd calculatior- yatem. can be examined by comparing the averaged
M~ach numbers .-t'kned by the S! calcularion% with the corresponding Mach numbers of the
82,n calculations. In fig. 16 this comparison is made for the $2 flow model based on the
averaging procedura in circumferential direction, whereas an axisymmotric S2 flew model is
used in fig. 17, where differences in the rtsults of SI and 92 calcidlations appear. This
comparison shows that a flow model b4sed on a passage averaging technique Is preferable to
92 calculations.

In fig, 18 the calcula ed relative flow angqle At the rotor exit im compaired with meamurt7-
ments. Increased discrepanicles are foond in tho ondvall region, where the influence of the
ondwall bo%,ndary latyer has not bven taken into account. In the total pressure plot, fig. 19,
uiailh~r discrepancies appear in the( endvill rogion.

AN a second test case, a NASA two-stage axial fan /1)/ with A design total4 pressure ratio
of 2.8, a rotor tip apovid of 442 m/a and aj rotor Inlot mach number of 1.!j at th tip hwas
been cheosn, h 15 X 11 point grid has bron u~ad for tna throughl flow caslculationo and a
17 x S) point grid for the blQ-t-la Iclculdtiono. VrIctlon and heat transafer ha';Ve
agailt beeln neqleeted. Viv.i bl'ade-to-blade celculAt.lons on dliffrtent SI tsurfaces hAvi boee
tsade for evorV bladv row. Flqure 20 shows the otreamline eo~metry In O tbemr~dional plane'.
The resulto dapicfted In fig. 21 to fig. 24-show generally good aqiroemont with measpuremeonto.

Calcutlationg weret executed on a Cray I/N1 computor. A typic4al run for a hub-to-tip Calco-
l~atlon totvk 28 v, whores# 19 * were noo"- for a blade-to-blade calc-ulation.

A gemini thir.t dimomalotrA; sostv* sUitod for tho Calculation Of transenic flows througia tur-
boaachmnso has boen dilvelapedl, A thtoulh flov Prithol Nasvd %nIII ~ erittll %intogra-
ted equations has p!roven t~o he ean appfoPri-Ate PPA00as f treAtIng flowsI 11ith dOvIOtletas (rMO

a~i~i~5t~yeeIciaIi n pa0saqe shwok re~ii.oa. Although VeStric'ted LO flawsVita
friction~al 1o4606 $.a far, l0ss M04els based Ott the Wel I 'taown atr~aln 'Itlitogr.Sl
boundary layer nothods1 -Vold be adopted to predict the loacqu.

The CAlculation Of rolly lhr*ee Dimensional Vlow through Anly tyhw of
Totmothifio~hn Glatte Itov

AcD- U.'. 140, Loss

2f ?/ 3ntllofls .;,., stow# I'.
A OU40 1-threc=DiaeftoIonalI Turbeaachrwiry Moide flosilnu 4yst~m
3. ling. Gas Ttubtinersoad p~oar. V04. 107, April 1,9#S
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DISCUSSION

J.D.Penton, Uk
Did you have any loss model in your method other than the shock loss computed by the Euler calculation? If not. I do
not think that you can expect good agreement with experiment for a single or multi-stage calculation.

Author's Reply
In this early stage of development we did not use any loss model. This will be done for the calculations to come.

P.Ramette, Fr
Do you plan to go to an adaptive grid in order to have a better shock capture?

Author's Reply
We have concentrated mainly on the development of the hub-to-tip calculation method. There are no plans at the
present stage to use an adaptive grid which would increase the computation time considerably.

Ch.Hirsch, Be
What is the reason for the upwinding of the stream function in the S2 calculation since your approach. which fixes the
relative tangential velocity, is elliptic for subsonic meridional Mach numbers?

Author's Reply
The tangential velocity is only used for the density calculation. The type of the stream function equation changes
according to the relative Mach number in the rotor/stator region.

H.Stoff, Switzerland
Did you obtain your results on the basis of any empirical pressure loss input or input of cedwall llockage? Are there
any corrections for trailing-edge deviation? I presume that the term P-0 contains empirical loss information (Fig.6).

Auos Reply
No empirical loss correlation or boundary layer blockage has been prescribed. The term pV-W' can be evaluated from the
blade to blade results, even when the results are obtained with our Eular solver. See references 121 and 131 for furdhr
information.

FJ.Lboed, Fr
You take the fluctuatio4s terms Into consideration in your equations. Are they imore iinporta•t in the nonmentun or in
the energy equation?

AWutho's Reply
They were not taken Into account In the energy equation, They are important, fur the nMwICntuin eqAtion, in the shock
region., amounting to 4% of te hilet total pressure,

FAlIboCut, Fr
Prof, lllesch Iha shown In an carlier paper, for a subsonic case, that tlhos teras were tiot intporttast in the intnentuw
equilon. You attribute their iaWten, to the shock pivewsce?

Authr's Reply
Yme and rthis ,because ofte flow pich-Wwe asymmetry in this region (see Figure 4 or Figure 14 of" th paper).

VFLbaeut, Fr
Reults fron MLT. show that eMnr &luesuatulo• ame wore itpotUUa1 th mo'wietum ftslutuatio. This is ia
cow&d-tVAM with your results

Iit o I m ReIII dlii nossay that I otly say th Il did not take theta itoe account. I surely wW have to do It In the futue



.1- 17-1

\ ~ TRANISNC TRES-DDMEIONAL INVISCID CALCULATIONS
IN TURBOKACHINES

a. N. Sassin

Piazza Leonarescdo ainci, 32

20068 Peachiera Borr*=o (NI).* Italy
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where

p Pq

Pu Puq + PT

W. Pv Ov. +

Pw Pq+p

PH

q = ii + 1+ w

E+~q

and t are unit vectors of the coordinate system, 4nis the unit vector normal to the surface enclosing
V, positive pointing outwards, u, v and w are the velocity components in 1. y and z, p, p and E are
respectively the density. pressure and total internal energy. The ratio of the specific heats y is assumed
constant and equal to 1.4.

Tne Eqn. (1) is applied to each hexesdral cell of the discretized domain. The numerical solution of
Eqn. (1) follows the well known Jameson's scheme (6] and is briefly outlined below. By discretixing the
surface integrals and by using the mean value theorem for the volume integral. a system of ordinary
differential aquations is obtained. The surface integrals are evaluated as arithmetic sean of the fluxes
of adiacent cells. Thus the spatial discretization io second order accurate on a grid with slowly varting
spacing. Second and fourth order artificial dissipation taerm are added to the discretteed form of Eqn. (1)
In order to prevent oscillations near shocka and the even-odd decoupling. Note that the coefficient of the
second order dissipative term is adapted to the local second difference of the pressure so thet the second
order accuracy of the schwme is not comproeised in -,egions of smooth flow. The following explicit three-
stage Runge-Kutta schwma has been used to advance the solution io time

W (k) . W()+%&t C.(k-I) (0D)I

wheru C and D *toresrcpectively the net inviscid end adoptive dissipation contributions. evaluated as in Ref.
(7, nd *j - 0:, 0.6. Observe that for coeputational efficiency the dissipative contribution is comp'ted

only onces per time step, at the beginning of the turtge-K~utta cycle. If the steady state solution is of
concern. the efficiency of the schwme can be Improved by using local time step and a technique for iepi icit
residual smoothing. If the flow has coostant steady state total enthalpy, further Improvement is obtainsed
by means of an enthalpy damping technique.

0*4OMATIOIIAL GRID

The three-dimensional grid ito catcades Is obtained by stacking similar tva-dimensional seshlis in the
a direction. The a distributioof atsmilaer meshes can be refined near the sdwdall. The two-dimensional
mesh io algebraically genarstevi. An 0-type moth wse chiosen in ordsr to obtain the best resolut ion nwar the
body end io the channel betweenMebiaee without excessive distortion of the calls and without wasting many
c1all far froe the hiedee. Ths uen of an 0-type mesh in the trailing-edge region may be questionable

when solving the Ruler equatioeW4 however, It Should Ue noted that the unphysical effects of the artificial
viscosity are confined in the ttailing-edge region end to the Wake and do not compromise tbA main results
which one expects from en invisold calculation on blade cascades. i.e. the blade pressure distribution=
and the downatteam flew a&gIs.

triefly the 11rid geesiration here used Weines a loop around the blade which consists of two periodic
lines cloWa by cuC4 kietreao and downatreem at presipecif Led disteapa froo the bled.. The position of
the periodiO bountdaries 10 suh that eaCh pOint of the"g boudapries has the sms distances from the bIade
surface 'of two adiacent bledis. One* the external loop ts formed, the paints distribution on it Is obtAined
in two seeps, I) evaluation of the line integral of the intVers of the difitarwa from the bodyl
it) laterpolAtion of the euxvimiineu coordiate at costant treatteesl steps of the integral. Tbe points
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distribution on the body is also obtained in two steps: i) determination of the points where the straight
lines from the outer loop intersect perpendicularly the blade surface; ii) smoothing of the points
distribution so obtained in order to avoid abrupt variations of the distance between the points. The points
on the two loops are than joined by meons of splines in tension which form the second family of coordinate
lines. By using these splines it is possible to obtain a family of lines which ore normal to the blade
surface and have two continuous derivatives across the periodic lioundaries. Moreover intersections of lines
of the same family are avoided acting on the tension factor. Finally the math point distribution on the
* normal' lines is given by a geometrical progression with variable ratio so as to have the second grid
point of every 'normal' line at the same distance from the surface. This grid generat~on techhiqua is very
fast and teads to a 'well defined' grid am shown in figs. 1 and 9. The only drawback (commn to all 0-type
meshes) Is the relotive proximity of the 'far-field' to the blaed. a point that could be important in a
cascade with supersonic downstream conditions.

*BOUNDAY CONITIONS

* Different types of boundary conditions must be set at the inflow and outflow of the domain, at the
blade and anduall surfaces, at the midapan symmetry plane and at the periodicity surface. To improve the
computational ef ficienoy a strip of phantom cells is used at all boundaries.

Inf low boundary
According to characteristics theory, four variables can be specified at a subsonic inlet, We have chosen

total enthalpy, flow direction (two angles) and entropy. Observe that these specifications correspond to
the usual situation in wind tunnal experiments. The outooming one-dimensional Rismenn Invariant, based on
the u velocity component and on the sound speed in the first interior cell, Sives the fifth rtlation
necessary to determine the unknowns in the upstream boundary phantom calls. For computations Inside blade
rows. we considered that the axial direction was the moat significant for the one-dimensional. chsract~oriatics
relations. In order to model the inlet boundary layer on the bottom wall, the entropy varies along the
z direction so as to obtain the desired velocity profile, The assumption is made thai the pressure is
constant In the a direction. In thia scheme the inlet entropy distribution varies if the inlet snob nuber
varies, and needs to be calculated at each times step.

outflow boundary
Am for the inflow boundary, the flow if considered one-dimeosional In the x direction. With this

sassuption the characteristics relations allow to specify the lisamnn invariant on the forward runnings
characteristic, entropy, and the v and w velocity component from the interior of the domain. By giving
the pressure at downstream infinity. one obtains the unknowns in the phantom; cells. Notice that this
boundary treatment is used also In those calls whero the flow is incoming due to the shape of the
downstream boundary "an lets the pressure vary, to a certsai exteant. along the boundary as it ~gpew to
ae,~ual cascades.

Periodic and symmetry boundaries
At the periodic boundary cells, the variables are copied from those stored one pitch above ar below,

and at the midopen symmtry ia enforced along the a direction.

Solid wall boundary
The solid wall boundary Conditions are trucial in daterminirvI the amount of spurious entropy production

slong the body surface. The problem is not trivial end is still under inveotleation, In the present work
the donsity In the phantom calls is extrapolated from the interior. and a reflection condititon for the
velocity tit used. The normal momentum equation It solved for the pressure gradient at the wall, end this
is used to obtain tba pressure in the phantom cells.

TEST (ASLS AND RESULTS

Computational results for two transonic turbine cascades san presented s~ad discussed. It is worth to
mention that all calcula*tion. were performed on a oupefintni computer Could Sol 12167 characrerited by a
peak Velocity of 1.2 N lope AMd a care memory of 4 "bte. The thwee-dLaansional calculations started from
* qussi-eonVerged ttio-dimensionai solution ond were, s1tafe at a IN .rate of change of density of
.62-4 The convergence van reached for the two to*"s In about SOO time. step sand the CPU) tins per step waes

24? seonda. The first Cakade is typical.o O' aosolable, gas rotor turbine secionj the secod one in a
turbine notalm thereoterit*d by a blunt leadiog-edge sad a high stagger amile. loth owascae Vera teste@d
at th* vonf "aruen Inatitute (Nef, rs. I) and thase esPersestal results ate used to COsrs *Aft the
nua,.rial OeeAs In both Cases the coeputettieal arid wes foress with iO0sl1eJ2 fellai. tie pariedic bounaries
"etend for .5 saM .6 Of the aisil Chord ugesteft of tbe leadift edge end dominatres" 01; tm troin"g'edg
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Fig. I shows the meash used for the gas rotor tuwbine section. In order tq assess the capability and
accuracy of the method in deacribing three-diamnsional effects, the endwall velocity profile shown In
Fig. 2 was given as input for the upstrea boundary. This teat caso was run with a pressure at downstream
infinity corresponding to an isentropic Xoch number of 1.21. However, due to the downstream boundary
conditions treatment, the isentropic Mach number deduced from the arithmetic ism of the pressu=e values
in the outflow boundary cells, resulted in a slightly lower value of 1.17. Pig. 3 presents the computed
and experimental isentropic esch number on the blade surface at aidepan. The agreement is fairly good, but
the peak Mach number on the suction side is slightly underestimated due both to unsufficiant mesh refinement
and tresatment of the trailing-edge region. In fact the isobars plot of Fig. 5 shows that the computed
shocks at the trailing-edge are anticipated with respect to the reattachment shocks that appear in the
Schlieran picture. A blade loading reduction at the endwall appears from Fig. 4 which compares midapan and
endwall isantropic Mach numbers.

Fig. 7 gives the sequence of the secondary velocity vector plots in the plane sections shown in Fig. 6.
As usual in the secondary flows representation, the vectors are the projection of the velocity vector at
a point P onto a plane normal to the velocity vector at a point P projection along a of the point P onto
the midspan plans. The velocity vectors are all scaled by the inflow velocity. From the sequence of figures
it Is clearly visible the formation and the evolution of the passage vortex until it decays approaching the
downstream boundaryt in the left end corner of figs. 7b and 7c it i* even possible to son the suction leg
of the horseshoe vortex which is rapidly daped by the passa&e ortax. Total pressure contours of Fig. 8
show the displacement of the low energy fluid from the pressure towards the suction side due to the vortex
motion. In this picture one can also recognize that the spurious entropy production ilong the blade well
is limited to about It of the total pressure.

As a second teat case the code was run for the turbine nossle shown in Fig. 9. Observe that the grid
generation technique outlined above prrformed well even far the complex body shape of this turbine blads.
A calculation was performed for a dmntrem pressure corresponding to an isentropic Kach number equal to
I. As in the previous test case the velocity profile of Fig. 2 was given in input. The results of the blade
isenttopic Mach number, shown in Fig. 10, are in satisfactory agreement with the expeorimontal date. Contrary
to the former test case. the trailing-edge diacetisetion behaves %*lli the coeputaticnal results ar
clearly better than those obtained by l.olles and Tong. (12], who used a siiletar• Ier code but modeled the
trailing-edge so a wedge. The isobars plot of fig. 1i confirm that the method captured well the system of
shocks on the blade which appear* in the Schlieren picture of lef. (11). In this cascade the evolution of
scondary flows inside the channel It completely differe:tt than in the previous test case, " appears from
the sequence Of FiS, M. In fact on can see that a true pessege vortex doesn't develop and after the
throat the secondary flows diseppeor at all. This behaviour can be explalied considering the very low
inlet vortiity, the relatively small deflection etirely weaplith4 In WIe entrance regiam, and the
superpOsition of ,.NVmrAC4l rr8os.

As A final comment on th) two test cases, me obsrved a full ageman between the ccauta4 outist flow
angle. end the Imaxrimetal oas.

the Kuler c•d 4eveloped proved. through severe tests, to be able to give same insight into the three-
dimias onal poomeas occurrlar in tufrancl turbine blades, Nevertheleu• this vork must be teed4ed as the
fitat ste toVw4ad a deeper afalysi¢, both theoretical w.d experimeatall in this directi• o ve have already
started to move, Voftully in the near future roet effort vill be devoted to the un stsreuia ot the

kthee-dimesloeia features of trnsceic flows.

1. Noone, J., poore, J.i A Calculatton Proceaure for Thnee-Dimmsios, .VIecaua, C44easible Dust flow.
Part 1 .- noe woaid.l|w(oe rtioae. o aof nluids bkga rins, Voi. 11, becoM f19...

L. 040rM, . hoont, J.1 A Calcl-atloio hocedut for TreeOimelel, Visous. Compreas.ible Dbct flow.
rt It .- SteLsioe rsaupre icasee In 1 a entugles Mihow, Iouml1 f fluids tsiesemg. Vol. lot,

.e/e 1979. pp. 433, 438.

3. Chios. A. V., Invlcild sad Vicous flows in CeatadU witihia L"liciet Mltiple~oi &lgritkl am
Joeceek, V.1. 13. rtouer IdS. -pp. 1l3. 136,

4. ihelabeag, N. C., ean,. AJ. . W Doailds N,, Skiooth Si. $, ICalcliattloes of Too OeU rM-DIS"ioal
.TtAaONi1 CaMa fPlow Fields U910 tOw .tece-gtoSAf IgUattics JeousIa of IUi1ia tot foe a"

U1~whiasae enPower, Vol. 104. Jenuary t9", pp,. 93. 102.
. SChifr, 0., Ft4MUha, I. I,. 84"r. D.. Gogolia, N-i Appliatton of a Kavier-Stex" Anayils to #l1ws

Ttrouh lam Cascades. JournIl of Ilagierieg fgor G. TurbsL aA Fower, Vol. 10.. Jsawary I6. ip.
103, IlI.



17-5

6. JanMson, A., Schmidt. W., Turkel. E.: Numerical Solutions of the Euler Equations by Finite Volume
fMethods Using Runge-Kutts Time-Stepping Schemes, AIM paper 'o. 81-0204, 1981.

7. Bassi, F., Grasso, F., Jameson, A., Martinelli, L., Savini, M.: Solution of the Compressible Uavier-
Stokes Equations for a Double Throat Nozzle, Notes on Numerical Fluid Mechanics, View$e Verlag, to
appear.

8. Bassi, F., Greeas, F., Savini, M.: Solution of the Compressible NAvier-Stokes Equations by Using
Embedded Adaptive Meshes, Lecture Notes in Physics, 2pringer Verlag, to appear.

9. Martinelli, L., Jansson, A., Grasso, F.: A Hultigrid Method for the Navier-Stokes Equations, AIM
paper no. 86-0208, 1986.

10. Sieverding, C.: Experimental Data on Two Transonic Turbine Blade Sections end Comparison with Various
Theoretical Methods, von Yarman Institute. LS 59 "Transonic Floes in Turbomachvinery", may 1973.

11. Sieverding. C., Van Rova, VW., Boletia, R., Gotthardt, H., Stark, U.: Description of Test Cases and
Presentation of Experiman.al Results, von Xsxmen Institute. LS 1982-05, 'Nurical Methods for Flows
in Turbom4chinery BladiAgs", April 1982.

12. Nolms,. D. G., Tong. S. S.: A Three-Dimensional Euler Solver for Turbomachinery Blade Roaw, AWHE paper
no. A-GT-79, 1984.

Cd.i C*Utstinnf tA4 eu1 #a the turbita to bia*ia

Fla. a ab"1l ekt'eeI~Kf

:I i



4 -Coe. 1.11I - IDSPAN
0 EXP. 1.21 a M MALL
*REXP. I.it

a a

htg. 3 Itidips 1eaug$ic Na~h Wnabr Fig. 4 gtd*Wa az*4 wA4~a1 Nwkh avaor

Its 444"~ isothwo plot

pit. 6 flma." of moodwy tt*we



17-7

. . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . .

. .' . .4 .. . . .. . . ... 11 - lt

.4 .4 . ...4 ... ...4

.J4 J . ....... .......

.4 4. . ....... ...... . .% 4m j

b

S.0440111144......... .LI l~l

. I lit~j

O ~d

.If

I 44434 -r r

fi. Scndir fos ~huomt,



1748

IVK:

A-4

?l.aTtti~t.c~t.?~~Cuttwa~ 1 ~~rt~n~

0.0060 10

fi.1 tsmt Mai U *&w i.I io"L*"po



17-9

ib

af

e .*

.Pig. 12 Plan*q of seconidary floqis

...................................... ..... W

..4 . .. . . . .. . .. . . . . a . . . . .. . . . .. . .. . . . .. . . . .. i.

114 "4. "44 ~a &I~4 44 ~~*4 44a4~ 14 ! "11 .. .. .. ........ ..........*~4 I& 1~ j* .

"1141' 4 . 4 a a 41114 lilIjD|i 4" +i*J44llJ4l44

aII 1 441.1 t-14414 1
. ~ 44 4 . .. .. .. ......... 44

. . .. . .4 . . . . . . .

v v c t -r =22lý+ r c 4 1+

... iiJ4)•.......... -
.* .*......... 4..

via 0 4adIfo ~oow



17-10

DISCUSSION

P.Ramette, Fr
1. For downstream boundary conditions, you are assuming a constant pressure at downstream infinity. Where is your

infinity? If it is of the order of a chord behind the blades, is the condition not too constraining?

2. You have a very large number of pressure measurements in Figure 10. Can you comment about the
instrumentation, especially at the trailing edge? Are you doing the experiments on a real 3D .'urbine nozzle, or in a
channel?

Author's Reply
1. We assumed that the pressure is constant outside the st.-ip of phantom cells of the downstream boundary. The use

of one dimensional Riemann invariants from infinity and from the interior of the domain, allows the pressure in
the phantom cells to vary to a certain extent, As you can see from the isobar plots.

2. We have not done the experimental measurements. They were carried out at the von Krnntin Institute.

Mr Kzrdulla, Ge
I would like to make a comment with respect to the interpietation of vortices simulated with the numerical solution of
the Euler equations. I am not an expert in internal-flow predictions, but for external flow simulations with the Euler
equations it is well known that vortices can only be generated by numerical diffusion, curved shocks or geometrical
singularities unless vortdcity ;q fed in with the inflow conditions. Therefore in internal flows without curved shocks
vorticity can only be redistributed when introduced at the inlet. And one has to be quite careful when interpreting
vortices 41 inviscid-flow solutions.

Author's Reply
A oI agree. In Euler calculations without shocks one can only follow the evaluation of vorticity given ir input. If any

vorticity is produced this is due to spurious entropy generation by numerical diffusion and/or rounding errors.

tt

i7
I -
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COMPUTATION OF TRANSON4IC 20 CASCADE FLOW AND
COMPARISON WITH EXPERIMENTS

H.-W. Happel, H. J. Dietrichs, K. Lehmann

MTU Motoren- und Turbinen-Union MUnchen GmbH
Dachauer Str. 665, 8000 MUnchen 50

SUMMARY

This paper describes a time-marching finite area method to obtain the steady 2D
-blade-to-blade solution along an axisymmetric stream surface with changing radius and
streat tube thickness. The conservation laws are solved in a rotating frame. The nu-
merical. scheme is explicit and first order accuratq in time and space. To achieve
stability, explicit numerical viscosity is added. Three' alternative methods of
ensuring the zero normal velocity condition along the solid walls are analysed and
their application is discussed. In order to increase the convergence speed, a
sequential grid-refining procedure and a multiple%-grid algorithm are used in the code.
The accuracy and computational efficiency of the computer code are demonstrated for
realistic blade geometries. The comparison with aerofoil measurements shows good
agreement for turbine and compressor cascades.

NO14ENCLATURE

a speed of sound

• JACOBZAN matrices of the

BJ quasi-linear form of the EULER equations

Bn stream tube thickness
C correction vector

unit vector

erot total internal energy with respect to the rotating framen

E unit matrix
flux vector in meridional direction

O flux vector in circumferential direction

H source Vector
hrot rothalpy

2Ih prolongation operator from coarse (2h) to fine (h) mesh
3 JACOBIAN matrix of the transformation to curvilinear coordinates
. coordinate in meridional direction

p pressure
r radius
2h restriotion operator from fine (h) to coarse (2h) mesh

t .ime
U state vector

V control volume
W relative velocity
W contravariant velocity

numerical viscosity coefficient

d angle
ratio of specific heats

curvilinear coordinates
.. • eigsnvalut

- density
$9 coordinate in circumferential direction

angular velocity
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Subscripts

Ch solution along characteristics

,! Eu EULER solution

i,k grid point indices in m- and i-direction, respectively

m in meridional direction

n in normal direction

+ PS along the pressure surface

"SS along the suction surface

it in tangential direction
Jr in I-direction

in n-direction

in circumferential direction

Superscripts

n time level index

IV volume averaged value

vector
A() nonoonservative formulation

INTRODUCTION

The development of modern gas turbine engines is characterized by the attempt, to
reduce the number of stages in the turbomachinery components. The resulting increatie
of stage loading leads to transonic flow fields within the blade rows. Since the un-
steady EULER equations are hyperbolic for subsonic as well as for supersonic Mach num-
"bers, time-marching EULER codes are widely used for the prediction and analysis of
transonic turbomachinery flow.

The fully 3D time-marching EULER codes, which are now becoming available, can
i!only be applied to single blade rows or at maximum to one stage, Ref. 1. Thereforemulti-stage turbomachines are designed by using a quasi 3D procedure, in which the

fully 3D unsteady turbomachinery flow is approximated by calculating several 2D solu-
tions along blade-to-blade surfaces (S1) as well as along hub-to-tip surfaces (S2) and
iterating between the two kinds of 20 solutions, Ref. 2. In practice it is mostly
acceptable, to perform only one hub-to-tip solution along one mean 02 stream surface
and several blade-to-blade solutions along axisymmetric 83 stream surfaces. In this
approach the changing radius and the divergence of the 31 stream surfaces, which are
provided by the averaged hub-to-tip throughflow or even ductflow calculation, must be
taken into account. This is valid for subsonic and especially for transonic flow.
Hence 2D transonic blade-to-blade solutions on cylindrical planes (Ref. 3) are not
satisfactory and must.be modified for the design ofdU5taohinery.

GOVERNING EOUATIONS

The unsteady 2D EULER equations are solved in integral form along an axisymmetric
Si stream surface with changing radius r and stream tube thickness an, Fig. 1. With
respect to rotor blades th conservation laws are formulated in a rotating frame with
constant angular velocityC . Therefore centrifugal and CORIOLIS forces must be taken
into account.
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In the well-known vector notation

f .r (dy d+ r ( ' Tnd f r dn (1
V S V

jrr ((w++r)wr

t8rot tr Sot+P ) we

*Srot+P VS. 0

the first row represents the continuity equation. The momentum equation in the second
row contains a source term on the right hand side, which results from the centrifugal
and CORIOLIS forces, the changing stream surface radius, the variation of streamtube
thickness, and the use of cylindrical coordinates. In order to avoid additional source
terms, the momentum equation in circumferential direction is replaced by the moment of
momentum equation in axial direction. Furthermore, the total internal energy erot in
the energy equation

( 2 2 a(r12) (2)

is defined with respect to the rotating frame. Equation (2) being valid for a calori-
cally perfect gas gives the closure relation for the static pressure in the flux and
source terms.

In the 20 blade-to-blade solution uniform rothalpy hrot

L.I 3 Ir ,.V 2 4 wr2 (3)r1 2 , ( l) 3

is usually assumed in the inlet plane. That means, that in the adiabatic steady state
solution hrot is constant everywhere, Although the true time dependence of the tran-
sient solution is lost, the unsteady energy equation can be replaced by the assumption
hrat constant. To obtain the correct steady state solution, it is only necessary to
solve three transient conservations laws.

FINITE AREA DISCRETIZATION

Equation (1) is diacretized in the physical domain consisting of one blade passage
with up- and-downstream periodic boundariesa approximately along the flow direction,
Fig. 2. The domain is divided into basic grid cells using quasi-streamlines and pitch-
wise lines with non uniform spacing in circumferential and moidional direction.

The conservation principle is applied to overlapping finite area elemnts, Fig. 2.
Each regular control element, which has a nodal point close to the center, is composed
of four basic elements. Along the pressure and Suction side Including the leading and
trailing edge the control atea only consists of two basic elements.

PHYSICAL BOUNDARY CONDITIONG

In order to get a well posed problem, equation (1) must be completed-by physically
correct conditions along the boundaries of the computational domain, -fig. .. The number
of boundary conditions, which have to be imposed in the inlet and outlet plane, can be
deterained using the theory of characteristisa. According to Ref. 4 three variables
must be specified at the upstream boundary and only one at the downstream boundary.
This La physically correct as long as the meridional velocity wm in the outlet plane

Al
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is subsonic. If wm is supersonic in the exit plane, all boundary conditions have-to be
specified in the inlet plane.

As supersonic meridional velocities usually do not occur in turbomachinery flow,
in the inlet and outlet plane the following physical boundary conditions are imposedand held constantt

Inlet plane

- relative stagnation temperatur,
- relative stagnation pressure, and
- relative flow angle (for subsonic inflow),

Outlet plane

- static pressure.

If the relative inflow Mach number is supersonic (but wm is subsonic), the circum-
ferential component of the relative velocity is held constant instead of the relative
flow angle. Then the unique incidence condition is automatically satisfied as a part
of the solution.

Along the solid walls of the aerofoil no mass and energy flux cross the surface,
because the normal component of the velocity is zero everywhere. The transport of
momentum and moment of momentum only consists of the pressure forces perpendicular to
the surface.

NUMERICAL SCHEME

The numerica. scheme is explicit and first order accurate in time and space. The
first order accuracy in space is caused by the explicit numerical viscosity to achieve
stability as well as by using half elements along the blade surfaces.

Defining a volume averaged state vector

U1 k 1y&JUl1k - - J rd ] (4)

of the control volume

V

and a lagging correction vector

Ci,k :.(- ) Uik k• (6)

the unsteady 2D EULER equations are diacretized as

UI,k U UIk + e.,k

At [[ ( F% rdyoe 1  J - [fQh & rdy dj] (7)

for the nodal point (i,k) close to the center of the control volume. The transport
terms are positive for fluxe" leaving the control surface.

In the so called damgina.furfaeoteoohnI ue (Reof. 5) the con-siderable numerical
viscosty, which is ntrUed by the volue averaged state vector at time level nr in
reduced by the lagging correction vector. This remains constant during N time steps
and Is then updated for the next period of iterations. With regard to convergence speed
the number of iterations between two updates of the correction vector should be chosen
as smell as possible. In combination with a Viscosity CoefficienteW in the range of
about two percent the updating rate N should not be less than five iterations, because
otherwise the calculation becomes unstable.

When the steaoy state solution-is attained, the accuracy in mainly determined by
the approxiatiAon used tor the surfaoe and volume integrals. Both are calculated for
the basic elements assming linearvariation.of the functions between.adjacent nodal
points..
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NUMERICAL BOUNDARY RELATIONS

A 2D flow problem is determined at any point in space by a total of four state
variables. Since at the inlet plane three physical boundary conditions are specified
and at the outlet plane only one can be prescribed, the following numerical boundary
relations are additionally used:

Inlet plane

* - equality of the mass flow

in the inlet and the second plane,

Outlet plane

- equality of the mass flow,
- equality of the mass averaged rothalpy in the relative frame, and
- equality of the mass averaged moment of momentum with respect to the absolute

frame

in the outlet and the last but one plane.

With the exception of the leading and trailing edge the periodic boundaries (up-stream and downstream of the blades) are treated in the same way as the interior nodal
points. Informations are combined from the upper and the lower boundary (AC and ED or
EG and FH respectively, Fig. 2) to obtain the fluxes of a regular control element.

In order to apply the periodic condition even to the leading and trailing edge,
special half elements are used, which only touch the blade surface at the leading and
trailing edge nodal point, Fig, 2. The computed changes of the state vector are at-
tached to the nodal points at the leading and trailing edge.

Although at the solid walls the physical boundary condition of zero normal veloc-
ity is imposed in the flux balance, the EULER solution usually gives a normal component
of the velocity vector. Therefore in the computer proqram after each time step the
following three options of correction:

- normal velocity method (Ref. 6),
- normal momentum method (Ref. 7), and
- normal compatibility method (Ref. 8)

are made available. For the formulation of the solid wall corrections it is convenient,
to introduce a curvilinear coordinate system (f, ) such that the blade surfaces
coincide with lines constant.

In the normal velocity method the normal component wn of the velocity

( , - r V(

i3 cancelled and the kinetic energy of wn.Is added isentropically to the static state.
In this approach all changes of the state vector resulting from the flux balance of
the half eleents are directly attached to the nodal points at the blade surface.

In the .• ~al momentum method the changes of thb state vector are at first located
at the cente 0oft, ha 1 elements. Then the static pressure at the solid wall is
predicted by applying the normal mcnentus equation

r2 (LY , . , a ,2 ,'dp ;_ 96 'a ))V

222

+2 M(& * ) )v (9)

Ama
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between the center of the half element and the nodal point at the blade surface, where

det J ) (10)

is the JACOBIAN determinant and

'i d.t- -(1 ( ) r)(11)

is the contravariant velocity component being tangent to the solid wall.

Equation (9), relating the normal pressure gradient, mainly to the curvature of
the solid walls, can be derived by combining the momentum equations in meridional and
circumferential direction

Dr I (12)

D 1

r 1 + (13
rj. 1  r srW~ On r '

keeping in mind, that in the relations between the physical and contravariant compo-
nents of the velocity vector

-d .(¶>.-)r * ( V, (14)
rr u

the ccntravariant component W4 vanishes along the blade surface. Since the flow quan-
tities of the nodal point at The solid wall must be substituted in the right hand side
of equation (9), the correction procedure consists of a predictor and a corrector step.
In both steps an isentropic relationship between the static values of density and
pressure is assumed.

In the norl compatibility MOthO it is assumed, that the EULER solution with
HWF.u B 0 as'-wellas"the solution along oharaoteristics with WP-Ch " 0 have to-fulfill
tINe compatibility telations. Since only the boundary conditio in thai -direction is
Smaltreated, it is sufficient to derive the compatibility relations wiEhin a character-
iatic plane being parallel to the ip-axis. The detailed derivation of the compatibility
relations as well as the basic ideti of the so called postoorrction technique for
improving the MULER solution at the end of a time stop A t are given in the appendix.

With the expression for the tangential component vt of the velocity

an assuming Vn-Ch O 0 the poetaorreoction equations may be written as
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uw (19)

-9C A, 2'Ph7F

""ch" "t-u (19)

The negative sign in equation (17) belongs to a left running characteristic from the
flow field to the pressure side and the positive sign is valid for a right runningcharacteristic carrying informations to the suction side. Equations (18) and (19' are
the compatibility relations along the two characteristics with the slope dj/dt - W /r

0 The normal momentum and the normal compatibility method have an advantage over
the normal velocity method only on coarse grids. The improvements are comparable for
fine grids with compressed mesh lines along the pressure and suction side. If the
curvature of the solid walls is considerable, the normal momentum method should be
preferred.

ACCELERATION OF CONVERGENCE

Since explicit time marching codes are time consuming with respect to the COURANT-
FRIEDRICHS-LEWY (C.F.L.) condition, the convergence speed must be increased.

The simplest modification consists in replacing the unsteady energy equation by
the steady one as mentioned before.

In connection with grid spacing it is very important to use local time steps being
limited by the C.F.L. condition. This stability constraint states that the hysical
domain of dependence must be completely contained within the numerical domain of depend-
ence, Fig. 3. That means, that the maximum time step is attained, when the sketched
sonic circle touches the boundary of the control element. According to Fig. 3 the C.F.L.
condition gives the maximum time step as

A t P a(20)

where

$in% a$- cowE as 1

is the normal unit vector of the straight line 5. In order to achieve a C.F.L. number
close to unity everywhere, for each control area the minimum value of six possible
time steps Must be estimated. Since this calculation is very expensive with respect to
computer time and the changing rate of 4 t Is very small, the number of time steps
between two sequential updates can be chosen in the range of the number of grid lines
in meridional direction.

Both ImpcovowentS are implemented, becaut' only the steady state solution is
required and the true time dependence is not important.

The computer time is mainly reduced be usinq a 8rid-Krefinin procedure and a
multi•Pl-grid algorithm.

The grid-rifining proceeds iW three sequential levels. The calculation starts on
the coarsest tesh, where the solution is only performed at every fourth nodal point In
both directions. After attaining convergence the solution is ilterpolated to the nextfiner grid and the It•ration is continued.

At each level of grid-refining additionally a multigrid procedure in available.
Due to th-i application of volume averaging the damping eurface technique reduces all
high-fraqUoncY errors in the urder of one mesh width very quickly. Therefore. in co-
otdins Ion With the updating rate of the correction Vector of the danpikig surface.
tedhnique the two-level uorrtotion scheme is composed of A fixed number of iterations
on the fine grid with mesh oitx h and one #aoximaetion.of the residuals on the next
coarser grid with mesh uite 2h.

The fine-to-coares tranufoer operator % (cajei d restriction) consists of suming
up the Mfixes of the course control volume-- Van using the already calculated values
of the basic cells within it. to compute the coarse g•id corrections

i
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2h"

2h- R Rh ((f 'F( )On pdy- U8(,)do

h

-(r S~e 1 dy d (22)

V

local time steps At2h are taken into account, which belong to the coarse mesh.

For returning to the fine grid linear interpolation is applied as a coarse-to-
fine transfer operator Ih (called prolongation). Then the state vector at all nodal
points of the fine grid 2n is replaced by

rn+1 a n o h

Ui,k Ui,k +Cik .+I (2 U ) (23)

using the damping surface technique.

The main purpose of this correction scheme, being only valid for linear problems,
is the rapid propagation of the fine grid corrections throughout the computational
domain. The savings in computer time are about 70 percent and the low truncation error
of the fine grid discretization is maintained.

APPLICATION AND COMPARISON WITH EXPERI•ENTS

The computer code containing all the features described in the previous chapters
has been developed for routine application. A large amount of experience has been
accumulated over the past several years, when it was used for design work at an average
rate of about five applications per day. The quality of the resutlts may vary with the
problem. Typical examples for turbine and compressor flow viii be discussed to demon-
strate the accuracy, the computational efficiency, and the limitations of the method.

To compare the computed results with 2D aerofoil measurements the isentropic Mach
number distributions along the pressure and auction aide Is used, because the static
pressure is least affected by the numerical viscosity. For all test cose. the -om-
putational fine meah is composed of 145 x 37 nodal points with ditfervoiL spacing L*C-
wean the pressure and suction sureace as well as at the leading and trailing edge.

a ig. 4 presents the isentropic Mach nt'mber distribution of a turbine stator blade
at a downstream supersonic Mach number of 1.32 and shows good agreement with experimen-
tal data. The experiments were carried out at DFVLR Odttingen. The predicted exit flow
angle is within a half degree of the test rv,,,tt. The comparlson between a Schlieren
photograph and computed isodonaity lines in Fig. 5 is satisfactory. The trailing edge
shock on the pressure side (a) Is captured quite 'sell, however the intensity decreases
toward the suction side, becoming practically sereo ater the reflection (b) in contrast
to reality. This is due to the neglected friction effects in the calculation. Wollowing
the explanations in Ref. 9 the boundary layer thickness would effectively change the
curvature on the suction aide in real flow leading to compression waves, This process
would be amplified by the shock boundary layer interaction resulting in the structures
observed in the SohlIereon. The strong suction side shock at the trailing edge [o) I*
in good agreement with the e*pertment.

Pig. 6 shows the comparison of the ioentropic Mach number diatribution of a tur-
bine rotor blade over the relative surface length, Ref. 10. The e*it Hach number of
the plane cascade test is In the range of 0.91. The data agree quite well exept at 60
percent suction Surface length, wheore a laInlat separation bubble occurs In the expert-
ment. This Is caused by the interaction of the trailing ed"e shock of the adjacent
eeroftil with the suet ion aide boundary layer. As thin mchanism Is not included in
the invistWd calculation, the computed shock is stronger. but Che prteicted shock
posltion differs slightly from the experimental result. .he shock can be clearly seen
in the isodenaity contourts, which are plotted in Fig. 8. rig. ? presents a second
measurement in comparison with the first one, where cooling ait is elected et' poti-Stion of about 35 percent relative auction side length. The e6ection produces a disturb-
once In the local Mach number distribution and causes an earlier boundary layer tranbi-
tion, reaultingin a weaker Interaction of the shock with the boundary layer. In this
case the measured values of strength and position of the shock are in excellent agree-
ment.with the invlscId prediction in Pig. 6.

tiq , 9 compares the computed and meassured M4ch numbetr disttibution of a compressor
rotor blade at a Slightly supersonia inlet Mach numbet of about 1.09. All clmpressor
coasode meaturements were petkormod at DFVLK 9t1. "he cmputed iopweore Contours

...-.. . ..)...---



in Fig. 10 show the detached shock at the leading edge. Although the computed shock is
smeared over several grid points, the shock location is predicted quite well. The
difference between the computed and measured shock strength results mainly from fric-
tion effects. The growing boundary layer on the suction side upstream of the shock
decreases the curvature of the wall, leading to a weaker supersonic expansion. The
increase of the boundary layers downstream of the shock within the flow channel pro-
duces a blockage, which explains the higher Mach number level along the pressure side
as well as along the suction side behind the shock in the experiment. The overall
trends of the Mach number distributions are in good agreement.

Fig. 11 presents the calculated and measured Mach number distribution of a com-
pressor cascade with precompression a, the front part of the suction side. The experl-
mentally observed inlet conditions, Kach number of 1.50 and flow angle of 150 dngrees
corresponding to unique incidence, are computed exactly. The intended flow pattern at
the design point in characterized by a precompression at the beginning of the auction
side with converging Mach lines at the leading edge of the adjacent profile and an
oblique shock, which starts at the leading edge and hits the suction surface at about
75 percent relative chord length. That m6ans, that thie part of the suction side cannot
be affected by the adjacent pressure side. Accordingly the Mach number distribution
results only fro* the geooetrical shape of the auction side upstream of the oblique
shock and can be prwdicted analytically using the theory of characteristics. The
additionally shown comparison between this analytl.al prediction and the time-marching
EULER solution agrees quite well. This excellent agreement can also be seen in the
isopresaurs contours )f Fig. 12. With the exception of the strong supersonic expansion
at the round leading edge the disccepancy between the measurement and the invislid
calculations of the Mach number distribution results from the boundary layer behaviour
upstream of the oblique shock. Due to the growing thicknesi of thrj boundary layer the
wall curvature increases along the compresston part, resulting in a stronger decelera-

* tion, an.id decreases along the expansion part, leading to a weaker acceleration. The
difference between Uhe expelimental date and the computed Hach number distribution
along the pressure aide is considerable, because the flnw field downstream of the
oblique shock is sensitimv to the back pressure in the outlet plane. The location as
uell as the strength of the normal shock, which starts at the trailing edge of the
auction side and hits the pressure side at about 55 percent relative chord length
(Fig. 12), differ fro- the calculation. In order to move the computed shock approui-
"matly to the measured position, a considerable Increase of the static pressure would
be required i6 the outlet plane, leading to an exit Mach nuwber in the ranqe of
0.63 in contrast to the measured value of about O.6S.

CONCLUDING REMA•kXS

The described 20 time-marching EULER code is integrated in a quact 30 approach
and can be effectively applied tor design and anAiyaie of 30 turbamachinery flow.

The comparison of the 20 text cases h.a shown, that the prediction of the Z0
inviecid blade-to-blade solution is in goo agreement wit' ths measurements, if the
friction effects ate weak and mainly Concentrated in tho boundary layers without
separation. .urther ip•tovemoenta fur these pplications can be achieved by the imple-
mentation Of an iterat iw routine between the in'o~icld tULWR solution and a boundary
layer calculation. This Is valid for transomic turbine sasiados amd tot the inlet part
of tcansonie as well as supesotiac compressor casa&des.

"The work was supported within research ptgrxma of the G(rlan tun.•smtnisereua
deo Vecteidiguog. T" permission to publish the resulto is greatly acknowledged.
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APPENDIX
POSTCORRECTION TECHNIQUE

In the normal compatibility method (called postcorrection technique) it is supposed,
that the EULER solution with a normal velocity component wn # 0 as well as the solu-
tion along characteristics with a vanishing normal component wn = 0 have to satisfy
the corresponding compatibility equations. This means, that the postcorrection
technique is based on the equivalence of the governing unsteady EULER equations and of
the compatibility relations along characteristic surfaces. Therefore, if we write the
latter twice, once for the results as obtained from the discretization of the EULER
equations and again for the exact characteristic solution, the postcorrsction relations
are obtained by subtracting one equation from the other, assuming that the discretiza-
tions of the corresponding spatial derivatives are equal for both sets of compati-

* bility equations.

Since the JACOBIAN matrices of the corresponding quasi-linear formulation of equa-
tion (1) contain only a few zero elements, the determination of the eigenvalues is

Svery cumbersome. Therefore we consider the quasi-linear form of the nonconservative
EULER equations

A A4SU: Borg A,= Wm Bar 0 0 3:= w. 0 Bnro 0

V: B B. , 0 0'4 k. wM 0 w 0 0- 0 w -

S
Y Wrn 0 WY rA• (A .1)

-win 0 &~ . ~
H'")

faces(3rp coincid wit 2i~ *cnstnt

W.1w, P

-" r, 8,p) r)/ ,

keeping in mind, that both formulations have the some eigenvalues due to an existing
similarity transformation between the conservative and the nonconservative state vector.

In order to facilitate the derivation of the compatibility relations, it in con-
venient to introduce a ourvk~linear coordinate ayeten j l q) s uch that the blade sur-
faces ooincide with liars * constant.

The application of the chain rule to equation (A.1) yields

AVA

oil. A[ B [DU (A.2)

with the JAMCOIAN matrices

A A3A B

S'. . J-K•
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and

S(A. 4)

r r 9SP

Introducing the contravariant velocity components

r r Vy am I

w *~2~~2 2W ~2(A.6)r W? WM •
~ r "am

the JACOBIAN matrices of the transformation can be written as

B m r ' 0

12
0 0 14 917

0 B 0A' 0 (A.7)

o 4
o B rya2'= Bry a2

r r rr f 0

IV 0 Br'~
0 r,., 9rn+

"r (A.nn n

0 0 - 3,r7 T

0 B-j, r a u -.

Since the derivatives in the *-direction can be calculated with sufficient
Scouraoy, and the blade surfaces h ihder us only in the space differentiation in
-direction, it is only-necessary for the derivation of the postoorrection relations

parallel to the 1-axis and whose slopes in time A- 41/dt ire the eigenvalues of the
"mtrix D/t. Solving the *igenvalue problem dot (B/: -. • ) 3) O, we obtain the four
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eigenvolues

r

2/ V,

Wy. -ayJ ~ a.(~O

t Taking into account the left and right eigenvectors associated with these fo.r elgen-
values, the corresponding compatibility relations can be written a'

d/,9, )~ d14.rp) 04 dtP 0(A.11)
fdw az dO

rd d wY - (A.12)

1 VI9, &1d8 , d p)
•ndw, f+ d • .- - i0 (A.13)

with the total derivative operator

(A.14)

along a straight line parallel to the t-,r-pl1ane on the characteristic plane parallelSto the •-axis. The negative sign in equation ýA.13) belongs to the left running
oharacteiaitic plane (A3) and th, positive sign is valid for the right running
characteristic plane (C;4).

Substituting the results of the EULER solution (Pubscripc Eu) as well as the
exact values of the characteristic solution (subs.:ripl Ch) into the equations (A.11)
up to (A.13) and subtracting the corr•l ponding equatkons yields

_e (A.15)
'h"A

4 ?1
M) •:.":' .,... .-VI 2n) ( .16) .
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elotyoponen W roeqato ,e to 1 ) er(A. 17)

Thee to eas ion relations are valid for the a ption, that the spatial deriva-
tiv sinthe -direction are equal for both solutions. Substituting the contravariant

velocity component from equation (A.5), equation (A.17) can be written as

Due to the assumption, that the state variables satisfy all boundary conditions at the
beginning of the time step and WyCh is zero at any time along the solid walls, we
obtain the following relationsIC, " , i,, , (A.19)

I" W" J1'-Cs ea. (A.20)

for correcting the BULER solution at the end of the time step.

Taking into account the relations between the transformation metrics and the
metrics of the inverse mapping we obtain finally the equations (17), (18), and (19).

• i "
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DISCUSSION

J.D.Denton, UK
I think that your solutions are very impressive, especially for the turbine blades. However, it is well known that the
shock structure at the trailing edge of a turbine blade is determined by viscous effects and the results from an inviscid
solution depend greatly on how they are modelled. Can you please explain how you modelled this trailing edge flow?

Author's Reply
We do not change the real airfoil geometry of the trailing edge for computational purposes. We only use a very fine grid
spacing at the leading as well as at the trailing edge and apply no further model at the rounded trailing edge.

Mr Kordulla, Ge
I have a question concerning the quality of the solution for the compressor flow. Usually, thinking of solutions with first
order of accuracy in space one assumes that the solutions are very dissipative (smearing of shocks, etc.). The isobars in
Figure 10, however show many oscillations. Could you comment on this?

Author's Reply
The substitution of the correction vector (Eq.6) into the discretisation (Eq.7) gives a better insight in the damping
surface technique. When the steady state solution is marched, the correction vector becomes nearly constant. This
means that the damping surface technique will be simplified to an EULER-LAX combination with very small artificial
viscosity due to the use of 2 values in the range of 2% for the interior nodal points of the fine grid.

I

I
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A NUMERICAL STUDY OF UNSTEADY FLOW EFFECTS
I N A SUPERSONIC COM.PRESSOR CASCADE

by

Scott M. Richardson

AFWAL/POTX
Wright-Patterson APB, OH 45433

USA

Abstract

DRecent experimental evidence exists which suggests that compressor cascades
operating supersonically may pass a higher mass flow with a periodic inflow condition
than with the thermodynamically equivalent mass-averaged steady condition. Since most
compressor design methods rely on the use of an axi-symmetric analysis, any excursion
in mass flow caused by blade row interactions will not be accounted for in the design.
In the present study the two-dimensional Navier-Stokes equations are solved using the
MacCormick explicit algorithm to obtain the flow in a subsonic rotor cascade for both
periodic and steady flow inlet conditions. A new outflow boundary condition is
presented to model the unsteady cascade exit flow conditions by using localized heat
addition to produce a choke point near the downstream boundary. A computational study
of the wake model parameters used in the periodic inlet boundary condition is performed
to determine their effect on the cascade mass flow swallowing capacity.

Nomenclature

b wake half width

c speed of sound

D scaling length

e specific energy

EF vector fluxes in the mean flow equations

k thermal conductivity

Xi characteristic variables

m mass flow

M Hach number

Po total prossure

p pressure

q heat

R gas oonstant

streamviso direotion

t time

T static temperature

TO total ta rature
u'v valocity components
U dependent variable ux vector

W wheel speed
S axcta1 diaane ion X}

y tangential dimesion

a -stator flow angle

* rio of theu . ,•oonti heats
4 streantube Contratonll"



20-1

c turbulent eddy viscosity

X second viscosity coefficient (0.6p for air)

Sx molecular viscosity coefficient

P p density

a s normal stress

T n shear stress

* s vorticity

Subscripts

a absolute coordinate frame

i inviscid value or inner turbulenýe T,.,de! viscosity

0 o outer turbulence model viscosity

r relative coordinate frame

te trailing edge conditions

w wall quantities

S- freestream conditions

Introduction

One of the problems presently faced by designers of modern transonic and
supersonic compressors is a method to account for the unsteadiness which naturally
occurs within the moving blade rows of the machine. Examples of this unsteadiness are
flow turbulence, blade row interactions, rotating stall, ard surge. Of these, the
blade row iuteraction effects have the most impact Dn normal deeig, point compressor
operation. As noted by Wennerstrom [1), recent experimental evidence exists which
might support the tconclusion that a compressor cascade operating supersonically may
pass a higher mass flow with periodic inflow conditions than with the equivalent
mass-averaged steady inflow conditions. Since modern compressor design methods rely on
the use of an axi-symmetric analysis, and therefore treat all quantities in a
mass-averagod way, any excursion in flow rate caused by this type of blade row
interaction effeot would not be accounted for during design. As shown in Fig. 1, this
may cause the downstream rotor to overflow which would, in the case of supersonic
rotors which have a nearly vertical characteristic, create a largo reduction in the
pressure ratio and efficiency produced by the stage.

An example of this situation is the Allison Ifigh Flow Compressor as reported by
Bottner and Alverson [2). In this machine all five rotors were operating with inlet
relative Mach numbers equaling or exceeding unity at the tip, with stages two and three
operating supersonically across the entire span. At the design stator setting the
second stage exhibited flow capacity higher than the design intent by approximately six
percent. It was necessary to close down the upstream stator to achieve the design
pressure ratio and efficiency.

The only previous computational study of this problem was made by Scott 13) who
performed Navior-Stokes caloulations on the same ieoond stage compressor cascade as
used in this study, For the operating condition that was examined, the results
indicate that the unsteady mass flow is approximatoly three percent higher than the
steady ease when using an inlet wake profile derived from experiment. Other numerical
examinations of the blade row interaction problem, notably those by Mitchell 141 and
Hodson [51, have used the inviscid tiao-marching method of Denton [6) to investigate
the blade surface static pressure and velocity amplitud, and phase relationships at the
wake passing frequency. Although theoe calculations produced reasonabte agreement with
experiment, they are limited by both the use of the inviscim equations of motion and
the first order time accuracy of the time-marching scheme.

The computations in the present analysis ere performed for a stream surface at
approximately 90t of the blade span for the second stage of a high performance
supersonic compressor. At this spanwiso location the inlet Mach iiumbar is
approximately 1.33. Although this design is not necessarily typie'l of those in
operation in many compressors today, it is typical of designs which way appoar in
future compressore requiring high pressure ratios and high flow rates. A gmneralized
distribution of upstreaom total pressure is used to model yake* from an upstream stator
row. Using this model, the wakes are varied in both depth and width to show their
effect on the cascade mass flow capacity. In order to realistically model the actual
"compressor, th# differing number-of rotor and upstream stator blades must also b taken
into accouut. This is done in the present study by calculating over four rotor
passages to represent the approximately 314 stator to rotor blade ratio in the actual
"cachins. Other blade ratiov are alms calculated to obtain the nifoewation about the

efcofv~ko passleg frequattay on the mas" flow capacity.:
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Squations

The unstnAdy flowfiold resulting from blade row intoraction in a transonic ot
supersonic compressor is by definition complex, con'tmting of unsteadJy shock patterns,
shook-boundary layer interactions, and separation regions, In order to capture both

* the inviscid and viscous flow featurs, the governing equations used for this anallsis
* are the unsteady two-dimnsional Reynolds averaged Havior-Stokeo equations written Ln a

quasi-threo-dimonsional formulation. Those equations 4re written in toe of tho
msas-avoraq*d variables for general curvilinear coordinates as followss

4+. +1• •y) - 0 ti)fit x

Swbore tiht vactor component& a•ot

6.d the strata coponents ar'e yivee byt

AKuiliary relationships used are the .eoation of state for a peefs.t gas,
afuthritid'v ity relation, and the wolaulh r Prandit rUlbb r for aLi, 1pt.,1
strtealtube- ontratiton is applied in the aotie direction through Us. os of the

cons.traction factor, i(x), Tho contla-etionl profile ti taken directly froee a ltamfl. t
:pttrh determined to. the axi- -'--i-tr -method -us.d to design the.aade. .In the.

p.ommt "Iuatit thi q.tato is .petmi•l 31W thog th bl4 p ,mOw ..
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Turbulence Model

The turbulence model employed is a modified form of the Baldwin-Lomax algebtaic
eddy viscosity model [71. Although this model was originally developed for steady flow
situations it is used in this unsteady problem for lack of a model better suited to
unsteady flow calculations. Two separate flow regions are assumed in the
implementation of the turbulence model, the bladu boundary layer region and the wake
region downstream of the cascade. In the blade boundary layer region, a two layer
formulation is used. In the inner layer the turbulent eddy viscosity is given by the
Prandtl-Van Driest expression:

- (KYD)21-1 (4)

whore

D I exp[-Y( 12; -
- )5)

jwj is the magnitude of the vorticity, Y is the distance normal to the blade surface,
and K-0.40 is the von Karman constant. In the outer region of the boundary layer, the
turbulent eddy viscosity is given byt

9 1) * KCepFxYxaxFKLEB (6)

where Fmax . max(YieJD), Ymax is the value of Y whe!-e Fmax occurs,

LE + 5MsKL0Yiy .)6j_ (7)

and K - 0.0168, Ccp . 1.6, C *LE- 0.3. The turbulence model switchoe from the inner

to the outer mode;. at the first point, at which c, _2 cý, Downstream of the blades the

turbulent eddy viscosity is computed by taking nn exponential decay of tha eddy
visaosity valv*s calculated at the blade trailing edge using the following expressiont

III practice, the application of the turbulence m~odl Ini the) blade bo-.uAary laytr
region is limitted to an atea of tho grid within a third or a quarter of the blade pitch
from the blade surface. Thid is to ;minimie the ceilculatJon of "zxat aid-paseags
lneations dwa to the influence of the otrong PA ae.ge @hocka in the camcade. Also, it
is tho author's experience that applying the turbulence model throughout the blade
passage blads to an Iodinrate dtuspuq af Ove unsateady effects An the paseaage.

.. Nunetical Procedure

The algotitho used in the. popsent vtudy is Hagocrmidks olterfittintt direction
a.xpliet tshoem. This iv a predictor-eortre.tot 00thod which iicludes. foutth-order
nwwrical ukoothing in order to reduce auxmrival oscillations. A detailed doeript.o"
of the algurithm ,ay bW found In 0)3.

The prevent znalyals also Ineludes the uve ot two arid*. k ftoikreo grio 072X 2
to allow rapid initial co1ver4ence, and a finer fitnd grid 143 X 10t) for bettor
:eno1utlon of shock patterns #nd incr#ated accuravy of the final solution. The
solution is Initiated on the coarse grid and 101 04)orit y of the cenvnrqenCe oceutr
there. the results of tha Coarrse grid at* than Intorpolate&d ini~t the fihe "ash and the
solution i. allowed to re-tonverg. For tuoltipl, blade solutione a convorgod sinsili
bltad pantage Solution 1i firte obtained with s*teady Inlet cetvions. thi.s golution
is then dupliected and oxaittnd in the rowainlog blade t•wo .e-fore the utwtvady flihw
calculations .ar Initiated, Thu cotwn&-gouee t ariteria used to AVtai.n the Ateady state
ooutctn uts defined to be ijede than a 0.10 chattge In thoea.wf "1s see flow al: th4e
bltdb letingq odge plans. For unsttdy eal.4tl.*tti•,j tUh i4naieg 049P plane •a•a fjew
it eonitoted for eacvergana to a periodic state.

ThA proper sipetlcetiow of boutiary conditioon continues to be of w45oY otncern
in the calculation of bOth artady and un~steay tlow. In the CAleuistion of sta-y
flows vheot.e i04) et relative each nu•mbe is wuper.Onic, ae in the present Cats. One
must Wittvy the unique inCid4efte C itiOn JAW it it usual to sPecify tbe upatroa :
itagnation vretsture aind temperatUt a*d• either the lt1l0t relative HaMO nuisbes or the
gelatio wh4el stpoed. "tis ib dona by oither spoeoiying Ot quithtities div0tly or by
%iting, a-eauracteriotic variableo oroaeh 13,4,101. 'While bVai.g a eUperior ability to
eivow pressurge weves WaViia upsttrea to -**it the coW•4utatibarl doman., the
"earactersti estliod oes have the disatvantVe ,thAt aittugh the #olutiun coav•e•ls

* ~to the Ceareat Valuseol the U iM es in *tIt may kot seosasaziW tttAif the

. -i"-
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correct values of the stagnation quantit=es. It must be recognized however, t-at no
set of inlet boundary conditions will guarentue that the program' rcsults match -all
upstream conditions when the inlet quantitios are completoly defined. It is often
necessary to adjust the -specified quantites to achieve the dt'sired cascade inlet
flowfleld with the user having the control of the priority of the different parameters.

In the case of unsteady inlet conditions the situation is oven less clear. For the
upstream wake effects, the typical method is to specify the wake in terms of a velocity

or stagnation pressure distribution in the wake relative reference frame (roLor
absolute reference frame). Additional assumptions usually mado are to hold the wake
relative stagnation temperature and -tator exit flow angle irnstant tý.hile using the
static pressure obtained4 from the soloution. This may b. viewed as appiying the usual
subsonic flow inlet oonditions but in the absolute reference frame. Quantities in the
reference frame relative to the cascade may then be obtained through application of the
usual velocity ttLanglo relationships.

In the present study', both steady and unsteudy flow-calculations are made using,
the characteristic variahles approach. This method is necessary because the downstream
boundary condition used directly effects mass flow rzther than exit static pressure.
During convergence to a steady state, this downstream condition must be adjusted to
obtain the 'desired cascade back pressure -causing- 4. series of pressure waves to
propagate upstream and exit the computational domain at the inlet plane. The unsteady
characteristic variable boundary conditon is then used for the wake calculations with
the wake profile given by a generalized variation in t.he absolute stagnation pressure
of the formu

where 1b is half the wake tidth and y' is the circuwferential distance m.)asured from t0e
wake conterline. The values of the Riamann invariants, 9, are given by (9)t

a P

-. ,K21) * utwa*

(1*)i)o * . --

woloetty eo~p::nt At CO¶to tltIOi p1l4es the de-sty, k 03~t(
r rinlot v oi #"then vbtitattt4 thrcugh the Aes*I Velolty triganle rvloIeft@n lb
simply adIi the 01;s" tO tO f tl v t aPWWOa\)

Oos~trse ounaryc@44*tiflts1 uge 4ls0 40ltercd* is g Vit. ca of Unoteedy jisit
fl"ow. for- steay tlowt, the_ "or#41 biod* Is to ittgsk- that the ýexit Z"eetsary 10
suttieietly far dOwnstrAm that Oth static, pressawEj 4cant N tket to tme WIfeim. this
am4soa that the, inlet etsslnstioa pveseetio Is unixfhon, 4f.t a noted ch *p Is Ot
OWe 4C# ftot aft Ifogwin) V00e p"of1le. Tho 4tvrreet aewnOtrtaoeom5t4tcgitln $of Uahateady
inlkst flows alienf Oth emit plane o'etui sprousurao Vý ito h o sfr.htwt a
"speItfid average vs1WO. Sit-te the otatica "0gtssur dktetibeticft 4,s "ls4w!"4 fcrom th4
solqtion4ý tthe- dowtw-ar. Coedalottt kust alito dv*A§ fr.-c t&4 *ltiuflvw. M'd mothed to 60t
this it to m~ei tho physical tbiptrtlirtj pre-oeA that nceuiw In 4o aet.ýZal acdeToot.
titan a ýýtc.asca or blade to isv thro1ttled Its WAss flee'ts 4redvucel f@MSI'Ih*Z In Aft
irtVt400 i0 thq 1P'tV of the_ draflott~s* sinkl pressureq. 00eeomt~iiriut
Off a physCIdal Chteat peist In Vhe' flt* tow"wtrsn0 (5f the W,211§ uev withsursncei
csndltiofl) at unie grid exit plifto OvheUi4 ptboduc& tlk< 040--- regults,. Mn flprokcii% uhsi

Owl"o Jr~rdIAee2 the aeairlod pretssur Zr,00, tl"o 2bthdd d4ý, fiat easly enrallne toJ
threo diee4.Swka i nwi. Othe0 Vosrrea potsr-.tisl etffet of theNetl oh thg caeaofds1 flew
"h# net 'at besn fully explored, h M lotttc *flwonl,, whItch has been Atevolopwd its
nthi *fat Is to S6del stwhuts poi1nta through thie .Mcdttien&tl at htat gtm~trcn
"Waril theo pitch at rg~ axial tocAtasf dtowriattts 0i alit bl4ade rew and. ap-ply
wupertemie ecoditon. at the oxit palans. noe atest of these@ 0oWisw, as nshon Ill riv.

* toi tio Canos the axit flo0w se*r the wourdefp (the axial comttent .of whichi is.
* -bs*5ie) to woen 4hw4 the Mit 11.0i;N lint until it teaches the sonicj paint vhlch ls the-

poin of ate. het of tar&t m"st flew. At this t~j the fit* a asm ace
amd afty a4dit &m~ hAt ieput Itill oCafe the flow to tefkn choked,. but imovt tb a lOWer

*AS howtta. tI%" vflIaa Of th" hea~t semtrevas ucalCulated uJltieg the ltaykiwh flov
iqisatienSad Athe0 !Ioofleid ptantontt týýesa tram the tcoulti of a c-almulati"n dztlo tar
tM CMscade usingV a suPern'.le extit c6nditiOn. (face the ValUe oDf beat additIon per
SA~t XMas fjjiv reuired to choke tb. ilow haft bflA detereiitwd. the actU4.i hbat sAOWre
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INCREASING HEAT
TRANSFER

SONIC POINT

ORIGINAL FLOW
CONDITION M>1

NEW RAYLEIGH LINE•AT A LOWER

4/ MASS FLOW

S

Figure 2: Thermal Choking Boundary Condition.

value is calculated at each time step taking into consideration the local mess flow and
grid dimensions. Of course, this value of heat addition will only choke the or'iginal
supersonic outflow (which has the highest mass flow rate) and the value of heat
addition must be adjusted (upwards) to obtain the desired pressure rise as the solution
proceeds. Normally, this adjustment is done during the coarse grid iterations and thus
may be accomplished rather rapidly. Alternatives to the heat source method used here
is the introduction of sources of mass flow or frict.on (Fanno ilow), or a localized
contraction in the streamtube thickness. These other mechods have been use% with the
heat sources yielding the best results.

Other boundary conditions required in the solution of the Navier-Stokes equations
are the solid boineary conditions and blade row periodicity. At the blade surface the
no-slip condition Is required and the normal derivatives of both pressure and
temperature are zero. For the case of the present investigation the specification of
the periodicity conditions must also take into account the differing numbers of stator
and rotor blades Tb4s may either be done using a time-lagged periodic condition Ill)
or by calculating over several b)lade passages. In the present study the latter method
was used because, although it does require more computer storage, it provides for
faster convergence than the time-lagged ntethod. Boundary conditions used in the
present investigation are summarized in Fig. 3.

The Grids

The computational mesh used consists of quasi-streamlines and quasi-pitchwite
lines arranged to produce near-orthogoraýity at all grid boundaries. A method based on
that of Sorenson (12] is used to generate thij mesh by solving Poissonla uquation.
This method was modified to allow redistribution of grid linen up- and downstream of
the blade row to remove regions which coatain undesired pitchwine clustering or
deple.ioi. of grid lines. The resulting gria has a smooth overall distribution while
retaining grid near-orthogonality at the blade surfaces. The coarse grid usod in the

Specifiled Downstream
Heat Sow•pw

11peuuonIcEa

Pododelty

-TNo S
/ 0d m.d dT/d m-O

P%(S).To6'h".~ 60ad4

I•igure 31 Boundary Condition Suury.
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calculations is generated by removing every other grid line in both directions from the
fine grid. This grid is shown in Fig. 4 which also includes a detail of the fine grid

A'. at the blade leading edge. An advantage of this type of grid is that a blade with a
blunt leading edge is more correctly modeled than a grid using straight pitchwise grid
lines. This will allow a more correct treatmrent of the bow shock which forms at the
blade leading edge.

Figure 4. Coarse Ccaputational Grid Witl' Fine Grid Leading Edgiý Detal.l

Sapl alculat ions

S To provide a better understanding of the unsteady flow phenomena that arise in the
blade wake inter~ctlin. samples of both steady and unsteady flow calculations are
presented. The steady flow example is provided to show that while the leading edge
massa flow h~a converged to the required steady state criteria, the resulting flovfield
is far from steady. The ateady solution Is obtained after convergence on both the
coarse and fine Iids using the waken upstream boundary conditions wuith a vwae depth of
zero. Using a Lora wake depth, the boundary condition remains valid for steady flow
while allowing any affec"a of the wake boundary condition to be removed during
convergence. As can be seen from F~ig. 5, which presents the results from A single
blade calculation 200 iterostions apart, larqt vortiqies are periodically generuted And
shad along the auction srridoo near the trailing Odle. This results In a small. regular
oscillation in tom loading edge plane mass flow although this djoes not cause any
visible unal5.OAdin5S5& It% the upatream tshock pattern in thve inlet region. Note thAt
while the vitlculation presented here is for a single blade tow, two odAdo pausagea Aro
prosentad to eaphazi%4- the pertodicity in the iinlet oheek structure. The large
concentration of contours near the exit plane Indicatee the prusenco of the heat
Pottrcufa used In the downstream boundary condition.

Onve the steady aolution has boen obtainodo calculations vsing trio kivstoady
upstroax boundary vcondition arc inItiated. Thre sawaltn of a Pskmplo calculation of t..e
unsteady wake flew In fouk lade patsoages are presented it. fig. S. This figure ahewo a
*0s14pohot, of the four blade passage solution shovinq both stagnation eacfture and Maell
nuo'ber contnurs. The -otfoat of the wakes ts clthirly ovident to the ilath ,wisbes
contours as a variation In the inlet Chock atructuro and movemoot in the foot of the
Pota'Jo~ shock betweenl pasqagdo. of -rit'.~ular not* io the way In which the wakes aro
chopped into individual isngnts whitch remain ivosilted at; they pass throut~h the blade
row. Thio 1%) most viailie to the stagniation preitnure notours where pocketst of lower
atAg~atiop pressUr0 SAY be **ee Ceawectieg throUgqh the blade PAssage.

LAOPro!ett stluda

In order to Oxinema the effect of various wake paralletors oa the uinsteadly M-Pis
flov *wallovirg ccpaieity of a comprossor rotor a gonorollire wake stAgnation Pressurv
profile io used. Ao monrietred previously, this profil@ is opecligid so that the weake

4 width, defect depth, oint wako spacing may be itatly varied. Durwing t"e parameter study
thl V.aka #hap* was kept constant with Varlaieoen "adt in the wakp depth and rtie stator
rotor tWado ratio. To moddl different Maled ratios, Calculitinns vote) made with
stkvvral costb..natlons at rotor Wead.- paoraqvis And upittreats stator wake&. The blade
ratio ts o~pkesse~d ags ilt what# 9 io the nu~bar of stator wakest aoe. ftoi the number of
rotor blade passagos calvulatod. The ratios usad word ItI. 20, anit 3z4 (which

VPpresiisAt00 the actual 14achine Value?. the spnoificatterk of a constant wake sthape nd
d Ifferent Walae ratiog exposes the rotor Lo wakes that all ieoo' the CA"s btie which aresacead differ-3rtly. Thu wake depths uted were S. 10, an4 iS% of the Invisuld value ofth otaqnaaion pfessure, 0 Ott uted in thre wake description (9). The wake width* used

wore 13.3. 26.7, and 400 of the stator opacing In the 394 blade ratio CASs. TheseO
Saiatain a tbeavodyutaaiclly equivalent ialot caat41tiaa a separate amalyots was
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performed to calculate the mass averaged flow values at the inlet plane by integrating
the stagnation pressure profile while holding the absolute stagnation temperature,
static pressure, stator flow angle, and wheel speed constant. This provided the
inviscid value of stagnation pressure which was specified in the wake profile to
produce a mass-averaged inlet stagnation pressure equivalent to the steady state value.

The results of this parameter study are shown in Figures 7 and 8. The effect of
the upstream blade wakes is to increase the mass flow swallowing capacity in the case
of smaller wakes and decrease the mass flow for the largest wake. This change in mass
flow capacity is also found to be nearly independent of the stator-rotor blade ratio.
The increase in capacity may be understood by again considering Fig. 6 which shows the
results for the 5% wake depth, 3:4 blade ratio case. This figure shows that the foot
of the passage shock experiences a periodic movement into the passage, resulting in a
localized increase in mass flow for that passage. This movement is perhaps due to
interference between the wake and the upstream shock structure, causing : reduction in
the shock strength. As the wake depth increases the "negative jet" effect of the wake
is no longer compensated for by the movement of the passage shock. For larger wakes,
this "negative jet" effect occupies a sufficient portion of the passage to cause the
overall mass flow defecit. It is expected that the mass flow capacity of the blade row
will decrease further for deeper wakes.

Conclusions

This paper has presented the results of a computational study of the effect of
blade wake parameters on the mass-flow swallowing capacity of a transonic compressor
rotor. The results of this study indicated that in a typical close-coupled stage the
presence of upstream stator wakes can cause a downstream rotor row to overflow by as
much as four percent. The parameter study showed that the amount of this overflow
reaches a maximum for the smaller of the wakes studied and becomes a mass flow defecit
as the wake deepens. Those results indicate that the presence of blade row wake
interactions does effect the mass flow swallowing capacity of a transonic cascade. By
not taking these effects into account, the compressor designer may miss the original
mass flow objectives of the designed machine.
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DISCUSSION
P. Forrand

Avex vous etudier votre ecoulement instationnaire sur nn seul canal interaube ou
sur plusieurs; dans le premier cas quelle condition de periodicite instationnaire
imposez vous?

Avez vous fait une analyse de la frequence du sillage a l'aval de la grille?
Retrouvez vous la meme vitesse de defilement que celle que vous imposez a l'amant?
N'y a t'il pas d'interaction entre la perodicite spatiale des aubes (nombre
d'aubes) et la periodicite temporelle.

Author's RePly
The calculations were performed for several different numbers of blade passages.

* In multi-passage cases, the periodicity condition is imposed only at the top and
bottom of the multiple passage "block." The other blade passage boundaries within
this "block" are then treated as any other internal grid line.

The shedding frequency was not directly studied although it was noted that for
steady inflow conditions (no wakes) in a multiple passage case the downstream wake
structure varies from passage to passage apparently due to randomness in the
calculated separation point.

T. DOioln
Could you develop or give some references about quasi-3D formulation where viscous
terms and turbulent modelling are included?

Author's Reply
References which have included a description of a quasi-3D formulation are those
of Scott(9] and Schafer, et. al. [13), although neither of these describe any
contraction effects in the turbulence modelling.

The quasi-3D formulation used in the present study takes into account the
streamtube contraction in both the mean flow and viscous terms of the governing
equations. The contraction is also taken into account in the turbulent modeling
since the viscosity used in the viscous terms is a combination of both the
molecular and turbulent viscosities as described in (8]. Additionally,
contraction effects are also found in the artificial damping terms which use
second-derivatives of pressure to monitor the spatial change in the solution.

[13] Schafer, 0., at. el., "Application of a Navier stokes Analysis to Flows
Through Plane Cascades," ASNE Paper 85-GT-56.

J.G 4Moo*While the calculated mass flow rates were sensitive to wake size they were
insensitive to the wake frequency. Does this indicate that the variation in mass
flow rate could be calculated with a steady flow calculation or quasi-steady
calculation where the wakes are considered fixed in space relative to the rotor?

Authiors bpty
Although the mass flow values proeented do show an insonsivity to wake frequency
it should be noted that these values are averagei of the unsteady mass flow
obtained from the solution. The time history of the mass flow at the leading edge
plane of each blade passage was recorded and then averaged to give the values in
Figures 7-8. While this average was fairly steady in time, the individual blade
passage mass flows had considerable fluctuation with increasing amplitude as the
upstream wake deepened. Therefore a quasi-steady analysis perhaps be done by
placing a stationary wake profile at several circumferential locations relative to
the blade passage and then averaging the results of the separate mass flows.

I P. HaNdO"
Would the author please explain why the centre lines of the wakes appear to be
oriented with the rotor relative flow direction.

Part of the wake orientation to due to the rotor operating with a counter-swirling-rlet flow of approximately 20 degrees. A wore likely reason is that there exists

some deficiency in the nu\meKcal algorithm which causes the wake KlOv to move int~ direction of the grid liaes in the inlet region..
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0 ~A NUMERICAL STUDY 0OF THE 3D FLOWI'IELD IN A
TRANSONIC COMPRESSOR ROTOR WITH A MODELLIN

0. OF THE TIF CLEARANCE FLOW

W.N. Dawes,
Whittle Laboratory,
Madingley Road,
Cambridge 053 ODY$
U.*K.

SUMMARY

-- >oeln the complex flowfield in a transonic axial compressor rotor is a considerable
but worthwhile challenge for flow prediction methods. This paper describes a computer
code aimed at solving the equations of three dimensional viscous compressible flow in
turbomachine geometries.

The code is applied to the study of the flowfield in a transonic axial compressor
rotor at design speed at both maximum flow and towards stall. The rotor was designed
at DFVLR and tested using laser two-focus velocimetry. The rotor has a hub-tip ratio
or 0.5 and design speed of 20260 rpm. At the design point the rotor pressure ratio is
1.626 and the mass flow 17.1 kg/s.

The predicted flowfield is compared with the laser measurements and the performance
of the code discussed. In addition the discussion highlights the changes in the
predicted endwall and tip clearance flows as the rotor operating point Is moved towards
stall.

INTRODUCION

* There arc large inefficiencies in tronsonic compressor rotors, especially towards
the endwalls. Minimising the weight and drag of an aeroengine requires the mass flow
per unit frontal area to be maximised. This forces designers to use high axial Mach
numbers and low hub-tip ratios. The latter means that the rotor flowfield will be
highly three-dimensional and the former means that complex shook structures may exist.
One of the reamons for shortfall in efficiency is undoubtodly the complex 3D coupling
between the invisoid bulk flow and shock system and the blade and ondwall boundary layers.

The stage pressure ratio is a strong function of tangential blade Mach number Mand

the stage temperature rise Increases with the square of M T (with corresponding variation

of stage pressure ratio). Thus the fan of a typical high bypass turbofan engine with a
stage pressure ratio or 1.6 to 1.7 will run with MV1 t 1.6 at the tip and at an axial

Mach number of 0.7. The performance of this fan lias n significant impact onl the overall
porforsiAnce of the engine. At 1% point increan& in fan efficiency is worth about 0.7%
points saving in, a.r.c.

Conventional viscous/shook loss mecha nisms do nost seem able to account for the apparent
measured inefficiency of the outboard supersonic part of a transonic ran (1). Kerrebrock
discussesa additional loss mechanisms. whiolh may be active. They include atrong radial
n~ow in the rotor wakes (enhancing flow non-unifortnity find mixing loaessee) flow
untiteadinessa relative to the rotor (possibly due to .'otor-st~tor interaction)$ ahock-induced boundary layer interactions; and tip cleapance flow3. It is known that tip
clearance has a significant effect on efficiency. Rotor loss Coefficients are not only
increased in the tip region itetelf but also as fap as 30% or span inboard from the tip.
An increase in Clearance to span ratio of is point may lead to anl offioiency pionalty of
I to 2% points. It is. also believed tha -t the flow in the 4~earanoe 0region playa A

*key role in. determtining the stability of theo stage. Nealiurefilts nalshow large reductions
in stall twrgin for q~uite small increase* in CA aranee.

To underatatid these Complex phenomeona it seems odsential to develop fully three
dimonsioral flow models with appropriat6 allowance tar viscous effeCts. The cukrrctl
paper outlines an efricient implicit algorithm~ solving the 3D coompressible Reynolds averaged
Havier-Stokos oquationA in turbomachinery geo-oetriee. The code is then used to study
the flowrield in a low hub-tipl ratio axial-flow transenie Compressor rotor with a taod*l1W
or the ti1Pclearajice flow. The predicted flowfield is compared vith laser velocillwtry
50asuzmawnts. *The behavioutr of the predicted elearenee flow iJo diseuaied.
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EQUATIONS OF MOTION

The three-dimensional Reynolds averaged Navier-Stokes equations are written in
finite volume form and cast in the blade-relative frame using cylindrical coordinates

VOL

where

p P q '0a

rpW0  rPWGq + ii0  .
2

OrWr

Pw p rq+ ( W02
PW PW + rU2 + 22We

PE 0

with W xix + W 4 W ie~ the relative velocity; Q= rotation speed; T2 the stress

tensor (contining both the static pressure and the viscous stresses); and
I = epTorel - j(flr)

2
, the rothalpy. The system is closed by an equation of state

p = p(y-1)(E - O.5*(q.q - (Or)
2

))

and a mixing length turbulence model patterned after Baldwin and Lomax [3].

NUMERICAL SOLUTION PROCEDURE

Finite Volume Formulation

The governing equations (1) are written in integral conservation form and the
numerical discretization is designed to mimic this. We divide the computational domain
into hexahedral cells and store the variables 0 U (p,pWx, rPW0, PW , pE)at cell centers

(ijk). The integrals in the equations are replaced by discrete summation around the
faces of the computational cell,

ijk VOL iJk

CELL(ijk)

+s AVOL (2)

Fluxes through cell fraes are found by linear interpoationt of density, velocity, etc.,
between cell centers and so the formal spatial accuracy it second order on smoothly
varying meshes and global conservation in ensured. Viscous stresses are ooonputed by
defining a local ourvilinear coordinate system and the chain rule.

Artificial Vitzcosity

An adaptive artificial viscosity tem recommended by Jameson (4) is added to the
disaretized equations (2) to. control odd-even point solution decoupling and to ouppress
oso801ations in regions with strong prtssurv gradients. Equation (2) becomes

At- . VOLijk P(O)ijk + 5•D0 iJk (3)

wheis D.is the dissipative operator.

The artitioxal viscosity term has the ferm

where D &, and DV reprosent the contributions from tach of the curvilinear"coordih•,l~c atid•swL .. Each contribution it writtien in conesovation top0 as& to

-. "1e1/2eit..i"1"2!
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The right-hand side terms have the form

AVL (2) (di+1/2jk =t C i+i/2jk (Ui+jk Uijk

+1/2jk i(U+2jk -
3

Ui k + 
3
Uijk - Ui-ljk) (4)

The coefficients C (2) and e(4) are determined by the flow in a self-adaptive manner

(2 K AMI4Ii (0.5,( a +ir)! •(2) . (2)
S°~~~~ i + 1 / 2 J kc A M N 0 5 i j k + ' i + I j k ) 0 5

(4) =AMAXI(O., (K (4) _ (2)
1+12 ( •i+I/2jk

where

* iJk ='Pi+1jk -
2
pijk + Pi-ljk"/(Pi+ljk + 2

pijk + Pi-1jk)

In the current eff' 't we have used values for constants of K (2) = 1, KM
4  

0.01,
a = 2. Numerical experimentation showed that the dissipation in directions normal
to solid boundaries should be set to zero to avoid masking the physical viscosity.

Boundary Conditions

A variety of boundary conditions is employed in the current study.

s At inflow, total temperature and pressure are fixed and either flow angle or absolute
swirl velocity held constant depending on whether the relative flow is subsonic or
supersonic. At outflow the hub static pressure is fixed and radial variation derived
fron' the simple radial equilibrium equation.

The finite volume mesh is constructed so that cell faces lie on solid surfaces
(blades, hub, and casing) aifl Rinn the .periodic boundaries up and downstream of the
blade row. Consequently, cells adjtutait to periodic boundaries are updated just as if
they were interior sells with the flux across the periodic boundary formed from linear
interpolation between variables stored at the centers of the cells on either aide of

the boundary.

For cello adjacent to solid boundaries, zero fluxes of masa,momentum, and energy are
Imposed through the cell face aligned with the solid boundary. In addition, boundary
conditions must be devised for the wall static pressure and wall shear stress; these
twoeacting on the wall cell face, are used in updating the momentum and energy equations
for the cells adjacent to the solid walls, Wall static pressure is found by setting the
derivative of pressure normal to the wall equal to tero. This is an accepted high
Reynolds number approximation to solving the normal momentum equation. To prescribe the
wall shear stress we use the velocities stored at cell centors adjacent to the wall and
the known zero value of velocity on the wall to compute the velocity gradients at the
wall. Theae gradients together with the wall viscosity are toad with a locally defined
curvilinear coordinate system to compute the wall shlar stroene,. If the meoh spacint
near the wall is too coarse to reeolve the boundary layer then wall sheaor tresses are
set to zero.

Prpocooned Alaqr~tin

The disoretited equations are tize-marched using an implicit proprocosed algorithm
deocribad in referances (5) and f6j. In outline, we define a residue. I0, by the two
steola

. J

.tk A, r ijk Ijk.

avoL' I.'IJ f-c *vo (6)~

whr 1 •adc, r e.prmtr o erVler .~t) -~ ,. : rets pct

t-dii of" the Jacobianll eaaeoo.at, d with the oneelti4tve tiunem in the I, 4 and K• direct•ions,

Into thaee t he dI ainal byie. fol ertlelent ili.v uion. • ;tj-A,"1j

1VVAVL
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Although in principle the algorithm can be made stable for any size time step byit ~suitable choice of the free parameters, e.j, C and cV npatc tisfudta hr
is an optimum range of time steps which leads to minimum number of steps to convergence.
Extensive numerical experimentation for a range of geometries showed that larger time
steps required larger values of e for stability and that after a certain point the
solutions became too smoothed during the transient, delaying convergence. It was found

a that CFL numbers in the range 2 - 5 were optimal with associated values of E equal to]unity. For the results presented in this Paper, the CFt. nuslber was 2 and c

Multigrid convergence acceleration

The present effort is concerned with steady solutions so a multigrid acceleration
technique [4), [7] is used. The basic Rrincipal or multigrid is to take advantage of
the fact that the finite volume residue, Ri~ (equation 5), has errors over the whole

range of wavelengths which can be supported by the mesh. The time marching algorithm,
equation (6), is eff'icient at elsinating the short wavelength components of this error,
but much less so for higher wavelengths. So we define a succession of ever coarser
meshes, typically by deleting every other mesh line, derive an appropriate representation

* of the residue on each mesh and use the basic time marching solver, equation (b), to
reduce the level of the error associated with the current mesh. Thus, sweeping through

* 4 the meshes shoul.d allow each or the wavelengths in the residue error to be attacked
with optimum efficiency. The multigrid recipe is am follows:

Wi Udate finest mesh variables using the basic time marching solver, equation (6),
repreented by

LhAih =Rhuh. + ph 7

Here Uh is the variable (p,pv, etc.) on the finest mesh, h, Rh is the fine mesh residue,
I)' is the fine mesh implait operator, AUh is the c.,rreotion to the fine mesh variables,

Uh - h + Auh(8

and P h is the forcing runction 'zeor on the finest msesh).

(ii) Collect residues and variables to the next meash the 2h mesh, using a suitable

collection operator, 11, an4 define a forcing function Ph

sh h uh
U 'h Uh

ph 1hR (Uh) _ Rth(Uahj (9)

The collection operator perrorma a volume weighted average to maintain conservation

I s U Y06VOi~i AVOL h (10)

with the sum being ovor the fine seet, cells gather-ed together to form. the next smeah
Cell. This Procedure also eliminates error with twice the wavelength of the fine mosh
which eannot be supported on the next mesh.

(Wi) tUpdatc auxrrnt mogh variableo using the basio time marching solver

sh al h ulh) '~h

The forcsing runati~on 1ýuardnteeo fino mesh accuracy by causing the codrde Mesh solution
to be driven by the tine mesh residues.

(1v) Prolonn the caprse mesAh galoprtiona to the rincat mesh using a prolongation operttor,
lI 1 and Update tih@ finest meoh variables

This prolongation must not reintroduce errors an the finest meAosfliminated In step CiW

This multigrid procedure in Illuotrated by opplioatiotn to tho 2D) test case of
trenounic shookled flow past a chothnel hump (the sobak Is strong onough to cause the
bounda&ry layer to adparAktoi ibe basic tine mesh It U1 x 25 and two levels or coai-i'ning
give meshes at 41 x 13 sad then 22 x T. Prodicited Nach number contoursantd Velocity
vectors are shown in Fig. 11 convergente historlis are shawn Atn F18. 2. Rtoughly
sposAkng, the irAtst level of mutgi als the number- or t~ine steps to coflVorgonael
llltIoduoln the 30=1n 1eVel prod'"es Allitar Improvee~ents, Further levels. however,
itive. no furthor gain~s as. tw V*eshee ar 4jggt O.Valy too course.
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APPLICATION TO THE TRANSONIC COMPRESSOR ROTOR

The code is applied to the study of the three-dimensional fiwOfield in the axial
flow single stage transonic compressor rotor tested using laser-two-focus velocimetry at
the DFVLR (8,9] The compressor rotor has an inlet tip diameter o1f 0.4 m, a hub-tip ratio
of 0.5, and tip solidity of 1.34. The design total pressure ratio is 1.626 with a mass
flow of 17.1 kg/s at 20260 rpa. The compressor flow path with the laser velocimeter
measuring stations is shown in Fig. 3; the compressor stage performance is shown in
Fig. 4 with the maximum efficiency point indicated.

The computations were performed with an attempt to resolve the tip clearance flow.
A 17 x 41 X 17 finite volume mesh was used, illustrated in Fig. 5. The mesh is refined
enponentially near blade suction and pressure surfaces and in the radial direction cells
are concentrated near the casing and stretched away toward the hub. The blade tip i13
treated rather crudely by simply reducing the blade thickness smoothly to zero and then
applying periodic boundary conditions between the tip itself and the casing. The tip
clearance was taken to be 1.5 mm, i.e. 1.5 percent span; the actual value is not known.
Only two cells are used in the clearance region because of computer storage constraints.
Nevertheless it is believed that, at least to a first approximation, something of the
nature of the clearance flow can be resolved. Again because of storage constraints,
no attempt was made to model the hub boundary layer and an inviscid solid surface boundary
condition imposed. It is believed that this will not affect the solution over the
majority of the blade height but clearly may affect the computed mass flow-pressure rise
characteristics of the stage. The mesh spacing is fine enough near blide surfaces and
casing for the centers of cells adjacent to the solid surfaces to be at Y 4 10.
This gives marginally acceptable resolution.

The code executeg at about 5 x 10"s per unit point per time step on a Perkin-Elmer 3230
minisystem (- 5 x 10- s on an IBM 370). Using a spatially varying time step with CPL
number around 2 and one level of multigrid, 750 time steps were used to achieve acceptable

conv (encP 1izitw!4u H(PW ).dARiEA less than 1 x 10-6).

PRESENTATION ANDDTSCUSSION OF RESULTS (i) Maximum efficiency point

Figures 6-9 compare contours of computed relative Mach number with the laser
measurements at each of four spanwise stations. The relative inf low Rach number varies
from around 0.95 near the hub to about 1.4 toward the casing and there is a corresponding
spanwise variation of flow character. At 18 percent span the flow accelerates to just
sonic before shookfree compression. At 45 percent span the relative inflow is just
supersonic and a well-resolved detached bow shock forms. At this point flow is spilling
from one pasnage to the next and local Incidence at the leading edge is high. Considering
the coaraonocs of the computational mesh, the resolution of the expan,!^,n-chook pattern
is considered to be good. At 68 percent span, the relative inflow Mach numbs,' is higher
and the Ibow shook is now attached to the leading edge, At 89 percent *pan the measurements
indicate a weak oblique chock followed by diffusion to the subsonic exit flow whereas
the computations show a rather stronger sheck with somewhat loes downstream diffusion.

lvlIn general considering the complexity of the flow and thit coarseness of the mesh the
lvlof agreement in considvred to be encouraging. Towdrd the exit plane the computedA Nnoh numbern tend to be lower than thooe measured particularly toward the thub. This

discrepancy Is partly due to the conase mesh undereatimating the blockage. 11owever,
the discropancy also erisos because the mixing 1Qngt~h turbulence model contains no
oovrsietion for the stabiliiing arroct of convex curvatture, which tends to relamtinarioe
the boundary lAyer [101 on the art patrt or the suction surface. Thust, toward the hub
the turnIngS Is overprediated and Muchi number level too low.

teComputed and measourod contourn of relative Machl number III the Lros-iflbi'w Plemio near
teblade stnckifig axis, plane 11 in1 Pip. *30 are conpared in Fig. 10. The predicted

high Hach nrimbor region In the da~ing-suctioll surface cornetr asociatedi~ with the leakage
Jot III clearly resolved bu&t smaller in apatial extent than that mo4aaured.

Figure 11 shows predicted contours of relative Mach nuimbor and relative velocity
vactors in a blade-blade piano juat nesar the easing actually Iin the clearance region.

i Tithe bow shock causes a large pressure difference across the bladoe tip which drivesl a
Istrong jet rfee the proasura aide to tho suction aido #t:%rting at the loading edge.
Trhis jet meeotasiand drlleota the Ancoring flow along a cleArly'visible intoraction
zone passing rron the loading Qldge to aouowt 'idchord en the pressure aurrace. Over the
art hale or the paoliage the flow Is nearly kircumforontial rcpeetn a omnsiderble
axial blocskgo. Figure IP #howa velocity vectorn Just near th4 sut oh SUrrfae.
This allow* the strong vortex sastoclated with the, eloaramee flow and the otroncly dioturbod
casing: *adwoll boundary layer proftie.

'ith interaction arene between the leakage flew and the inooniang flow corresponds to
the rollup of the tip leakage into a vertex vhose core represent* a regiori of high less.
Fit~are 1) showso predicted entre-py contours at aeVeral axial stations sa~rting at the
leAdIng edge. A loot iaero can b* sevsi. moving aerood thc pitah following the Iline
or' the interaetiosn some.
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Figure 14 shows a shadowgraph taken irk a plane near the casing of a similar transonic
compressor rotor (11]. Labelled on the figure is the bow shook and the strong vortex
arising from the tip clearance flow. A similar result and interpretation has been
reported in El]. This experimental evidence provides strong support for the physical
realism of the present computed flow.

One of the key parameters in understanding the effect of clearance flows on compressor
stability is the state of the casing endwall boundary layer ili]. Not only the
circumferential average is of interest but also any local thickening. Figure 15 shows
contours or axial velocity in axial stations from the leading edge to the wake. This
gives a qualitative picture of the development of endwall blockage and shows that although
downstream of the blade row (where conventional measurements are made) the axial blockage
is more or less circumferentially uniform, within the blade passage substantial pitchwise
variation exists. The endwall blockage is seen to develop from the leading edge near
the suction side and steadily grow across the passage until reaching the pressure side.

(ii) Maximum flow point

This picture changes in the flowfield computed at a lower back pressure with the
compressor rotor operating near to the maximum flow point. Figure 16 shows contours
of computed relative Mach number at 89% span station. The blade incidence is now
negative and the shook has been swallowed. Figure 17 shows predicted contours of
relative Mach number and relative velocity vectors in a blaue-blade plane just near the
casing, actually in the clearance region. The clearance flow and tip leakage vortex
have moved aft to correspond to the new shook position. This is to be expected tnd
there is some experimental evidence for the leakage vortex and the passage shock location
moving in sympathy (11]. The strong distortion in the Mach number contours is due
to the strongly distorted total pressure (loss) field associated with the leakage vortex.
Contours of axial velocity at several axial stations, shown in Figure 18, suggest th.-t
there is less circumferential non-uniformity than in the earlier maximum efficiency point
case (Figure 15), but that growth of the blockage is much more abrupt.

CONCLUSIONS

An efficient code solving the compressible Navior-Stokes eouations in turbomachinery
geometries has been developed.

Results are presented ror the flow In a low hub-tip transonic compressor rotor with
an attempt to model the tip clearance flow. Despite using a relatively coarse mesh
which -upporta only marginally acceptable resolution, generally good agreement with laser
velocimetor measurements is obtained.

A strong tip leakage vortex is predicted, in good qualitativo agreement with
experimental evidence. Thin leakage vortex move* in sympathy with the passage shock.The predicted development of axial blockagie on the casing endwall. through the machine
shows strong cireumfrorntial non-unitormity within the blado paboago. This nton-uni-rormity
appears greater at the m,-ximum fetficioncy point Win at the rtaimum flow po-int. It in
a speculated, therefore, that 0omprtor in•tability may develop it rdeeponae to an
increasingly non--unifor blade-blade variation of enduall blookaso a. the operating
point is Move4 towards stall.

I
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* •DISCUSSION

J.Moort, US
* In the multigrid method, you said it was not easy taking the changes calculated for the coarse grid back to the fine grid.

Could you explain how you do this for the non-uwiform grid region near the walls?

Author's Reply
It is important not to re-introduce short wavelength e.ror when adding coarse mesh changes to fine mesh variables. I
use a point-Jacobi smoother to distribute the coarse mesh changes into the fine mesh.

Mr Hlourtnso ls, Ge
Looking at your full results for the two operating points, could you give a physical explanation for the behaviour of the
clearance flows?

Author's Reply
The leaking flow is more vigorous at maximum flow and so the deficit created is more substantial.

Mt Hourmauzladis, Ge
Why is it more vigorous?

Author's Re*l
At the maximum point you see very link flow deficit from where the flow has leaked, You se= this deficit much more
strongly ior the other case. You would have expected it the other way round. But at maximum flow the presure ratio
across the blades downstream of the shock is in fact greater than at maximum and so drives a more vigorous leakage
albeit ovar as sallUr fraction of chord.

Mr Hourmuaiadls, Ge
Dq you sugg that the mass flow though the clearance is lower on the hikA pressure me?

Ah% Rqpy
Too UWMMc on which the leakago ccMs is Much larger tn the HP. CaM so the mass flow is iw
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CALCUL D'ECOVLENMENI IN1XRNES A GRAND, NOMBRE DE REYNOLDS
$ ~PAR RESOLU71ON NUMERIQUE DES EQUA'UONS DE NAVIER-STOME

L. Cam er~, R. Eacand at J-P. Veullio4

OFM1E NA'UONAL D'EIUDES ET DE RECHERCHES AEROSPA¶1ALES
BP 72, 92333 CHATMILLON CEDEX (Ftauice)

RESUME

Le'zpoal eat comaceri as coicut d'doudemzsnta 1"lakro~n I gnd mnomhre de Rep~oida par risotution nuwdrique des
Iteseson de Navier-Stokea rnoyenniea ci conaplitit par #a moddie de tur~aence, et a Is prisaendoti de rhnitoto
eoncemaong t'edrodygaomqae interne.

Lz mithode de eaitel est Wrivement roppelie; dit i cc araz..tiae par Is mice en oeuvre d'vne apprcrehe par cous-
domaines ft per t'Mdilisatiot dlux seA ma Rumbique simple comhfk fa in one ccniqrce de #ova.msiUoge par dichotomie
pour Is description fine dee couches vsqutwe& ON proeente de# rdauttate do calcit d'eiootemcnt. fir ."orniqwelt' Wute ate,
aute lois dt paro( pour inc configuration industridle retl*&t d %oe gc~2e de cornpreaaevr ') ieuers rigimes dc
/onctionnemeaL Dons une dcrnii'rt partie, des don,,Eee txpirimnexales ditailtdes pour It proibl')e de L'inttract~ion onde de
Choe-coucke tirnlte dna s toatnal treassoonue plant sont music 4 profit pour comparer vn mid~te de Utiraltctc oaigdnque

uit onmdaitke.

1. INTIRODUIUAlN

Los 0(coutoments dosn Its twrborascehttes adronautiques sont pu~ticuhidremohk son~iblesa ux offots di.. A la
viscovitd do' fluie et. I mErudirstior., on' nindre co~tk des performances do tolles inachises pmse pat'la mist oni
oveuvrt dt ,ctoo~ous do ealtul pormotaut. do pridire coo off eta lto plus prikcisment. possible. i.& ditominstion Wo
voig n-witfrtque d~rouiomeats waus complexes he pouit. It plus souvont, Itire ffoctuie par dos m~fthodes do calcut
smpit lon odies ourto Isotul ifftS de dipiaconient des parois, mots utceooitt lo d~voloppoment do mith~does moino

somuamires Pt~ftant on cotnpto I& fortto Interaction ontre Its rillione do fluid# Parfasit at Wi cotihe*t dissipatives
Pou- sttoind.. cot objectit. dots votes prit-cipals. wot twtueoitomnint ourin* em Ntdo U00#1 inidirect@$ do eouplaig
flrt fluidt perfaftflluido visqusux (vow, pw exompleoIo. communication do Lo Daltour otlDlaaso (i1). Itos mtntodex
dtrtctls do rdoolui~on do* iquatiwts do Navior.Stokos C'est i co dormer typo qu'appattuoat Is zndthodt exposd
dnns 13 present@ communwation Los techniques do risaiutton des 9quatiotts do Nsvior'Stokos, apptqw uuo
wrbomachntes 400t on court de ddiV0pproins (Jon plusiurum iaborstoeroo ot out I Wit i'objot r metanint d'aees
ooombtowwo pubicatIoria (pw~ examiple 12111611)

Aux grando coonbos de Rleynolds. Is. uunuteAjon autuitque o. de iouiemreoto viaquoux wh our i. AIs dtiftcultt
do ý-;irseosta aui miucu doux Pitptdomilos loodaenstaux 1. twbultact ot Ii Woble fpsissout des couches
dtssqotitvi Pout ce qoi cogtoorn It pWMs on conipto do. Is turbulence, al West pas onviapejbkle A inoyn utmrie tt
paur 4cc Applications industriotllo 4o tautotto onouvt* do, tfod~e do iaiculstioii direct# do la turbulence, il (auk.
avoiw recolfs & I to-todilit~oat A Pboutos ICtuOtto, 11 oosis ntin gmado div,,ottd do modilts do ticebuaictic
(modile, ztgdbutqu*#, taoddils A uno ou Pluisiouts ifqu&Won do wmtkportý Waalgbatc Sues*t Model', etc ), mwt
aucun do et# modil"e to s'tst ancoto vi blttshtoon impost Par lIn kwid awt iVokpitrisce uwosllfssat pout des
confgti~csti d'iroulnssna. vai'ic's La fsibk ipaimuor des couches vausiouos" pant~alss iaduit use itolutton
t1#$ rapi do i Is Vicoos at decs gtvndtufs turbulhento. I&dscti etisauwn des Ittadiants do en-s qiasat* itt. *ktc it
Vutiltssiuou d'uun maillag fos ou votwinago de. Pan~o* coaduissat A cies 0aits d4K cak,,%I Aeiuvt. *a parltiu~tt pour
Its nidibodes 6SWtiottoo 4 us cotitr. di asah41.t Loempi do lots do Waoo univovstfrs Motstitgo un pollasa die
C10114 diitcili oauraMM0114u~tlld Ohenot Iaso t s qu cecdla4 do eul PeuetionS o ka *atb~cos rdu
VpSC A un* appoctue per vous-domstaotn (voit. Wi exesmpie, 191) dano laqutiloie It qu&atos do Noviioo.SWkos at
"sot 0outooto qti dons des sou*dankoe do fibs de Ittik Uoe coulousta let touches v4squotace.

Lit PeieouM comusiceaton ott ess*osroto at cakl~u dicou~iemnvo Wthurbesto I 6tod Potabro de. foepolds pW
r~soltuon des Oquiouso do Navtifstaktok~ mciyseiao. at eaompit~ds paw uo woddl do t~uoblmnct, It 1 14
peOA W12aho do FiSUltI" 00ACcraai I'Jtr0odyuaaa *ibitue ticnz LO Methd AUuktirqUo qui sets bei~vsotata
cappeli seoUW W l~aitri~c r [a ito. to oeusgo d'unt sppeno par sosuodoinuats at Pat Putiteaiass d'u. ecbemis
4301611t skml o mb* £ONa u& I-o W&niqu* do sous-mssiisge par dichotoito pout I. descripti o t u dos totichev
Vi~aeqituoo Os pH~wtt~i dos roouhare do calcul dftouloweats trlaonwpiques tnutbatsct pout use fodafuraziou
toduttlietlo ee~toive A uise grill. do Coniproseout surcowniquo A divots ftepmoe do foactionsotsonta C4. colkui o64.

OV P"ote s~ d'shaza"li do tusbuleav. ulggliqua, do toalogusu do w~age at ai 11 4sid ji oi$ do parci



simples. Dana uno dernidre pate des donnueoa ex4rmnae ditaillies pou I problime de l'interaction od
de choc-coucho lim~tk dans un canal plan sont mises A profit pour comparer un moddle de longueur de melange at
un modile i deux equations de trwanport pour l'dnergio oindtique Ob :..turbulence et son taux de dissipation.

2. MODELISAXNON DES EODJLEhWIM Ot)WRMP~IBLE 1URBULEN~TS

Dana co paragraphe, on rappolle Ie modclo mathimatiqut mis en oeuvro pour la. simulation numerique
d'ecoulements bidimenajonnela compresaibles turbulenta. Ce modile, tout i fait clasaique, eat ionde Bur
Poperation de rnoyenne en temps des iquationa do Navier-Stokes instantanfos (pour le vecteur vitesse at l'dnergie
totale par unite de masse, it s'agit de moyenne3 pondiries oar Is musse volumique), lea tormes relatifa aux
correlations entre quantitfs fluctuantes itant on bien nigliges on bion modelisis par l'introduction du tenseur de
Reynolds ?,q, du flux do diffusion turbulente d'eAtWsPio de densit6 j' et do U'norgie cindetique de turbulence k.
Pour uno presentation dietaillie de cetto op~ratvon do moyenuo, Is lectour pounra aso reporter d. 1101.

2.1 Equations do Navloz..Stokes myoynen

Les equations de Naxvier-Stokab, porn ttant do dichrer l'Ecoulaemntw moyon, se prtrsentent sous I& forme
intzrinsdque suivante:

-+ div (PV)=0

(2.1) + div ('0V V V)div (T+ -T"

at

Diana coo expressions, p at V dsaignent rospec0tivemont la. mause volumique et Ia. vitesso do l'Eouleineut
nioyen. E est Vinergio total moyenno pir unite de masse, Coaet i dire la sommo do lUnergia intoern moyeaut C,
do lUnotgio cinitique du mauvomont nioyen ot do U'norgie cindtique du wouvemont turbulont:

(2.2) 9
2

Los equations (2 1) relatives A Is conservation de Is maoss, do It quantAt do cnouvencont tt do Vlenorgie, sout
i compliter por lea lois do coinportement du fluid, considiti, par des bts ddtat at per nu modilo do turbulence.

Pour un fluid# dasuiqu*, at compto tenue do I'bypothist do Stokes U~ +4-. Its.O Wis.l do comporteoraut
exprimantI. to tuasur des couttsitos 5 t I& dousiti do flux do cboutolu .. cin

(~33

Ldr oIt diwiitott Is ptossion stataquo ot I& totoir~Atuft absolue do Vitoutemout moyou Los cooffteonab p et X
omat I#* coeff icienst do viosoolE ot do cwductibilMt Utormique

Lee Wol d~tat teoduisumnt It" proprIPA~ thormodyuamiquoo du mditiu tonslddeE qua no-go lvppowons Vie un
&Up partol4A chcoleiata spicifquo. ooastantes, do rappot CC t1 .1Porwtouot d'exptimot It Petoa400 P &in*
qusoo I" wtficewsta It Xl gik ot mw~uelaotu suiviatte

(2e) I + 110/?

oolI-V set k. aomiws do PRoadU quo sous, sappootoron conotatt Nm0.72S.
Los muo-Ults do. tutbuktooe mix #4 ouv'Ue pourlt I"evuttat. UUMMr4iuoa Pre"Otsl but Parwpopit 4 .156 tout

du tIM !#VCOsi1 %ouvrkblsAIdO"(* Lo kueusot do HtysoldeT *t .it Aux. w~ Ittsn uslh iiipdetot do
1'Eo'41twaat 1201"A pa doe "O"Wooiua oam"osi 4043) C'osl.d
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2 --- k + 2 /Aiv VIp[V (vT

(2.5)

A cc stade, I& modeliaalion de la turbulence aso reduit il PiEvaluation dle trois qusntitifs scalaires: l'inorgio
cin~tique de turbulence k, It coefficient dc viscoiaiW turbulente p, et te nombre de Prandtl turbulent Pr,. Nous
svonis utilise deux moddles do turbulence: un meddle, algebrique de longuour de melange et un meddle 11 deux
e~quaton3 do transport. Coo deux meddlles sent dicriti; dans lea deux paragraphes qui suivent.

Dants la mist en oeuvre nuindrique d4crite au paragraphe 3, los differentes grandeurs intervenant dens lea
equations de Navier-Stokos sont rendlues sans dimension it laide do troi gradeurs do reference: une longueur
LO, la vitesse du son a,O et la masse velumnique pO du fluide dans lea conditions d'aneit 11 linfilni ameont. Les
coefficients sans dimension do viscositdf at de cenductibiliti thermnique offoctivos (notes & laide d'un tilde) sent
difinis par los expressions:

j ~~+ju,=-~- -L+ Pt
Rao po p,0BL 0

+ -0- + - ) 0",, Pr' PiR.O go N' P,04 0L.0

oil ReO=p,Oa,GLO/pO, desigat It nombre do Reynolds, Dans touto Ia. suite, on no censidire quo does quanititds 3ans
dimension ot I3 notation tilde eat omiso.

L2 Modole do %Wrbulenw do tlonuur do MIs&laa

Co mod~lo tat fondif skr to coacopt do lorigueur do melarige, introduit par Prmndtf. Ls formulation quo nous
avons utilio' eat une extension du modil. irkitiallenint de'v.ioppi dans I* cadre do lapproimationd. couch.
limit. par MKchel ot WJ I III: on ndghiso IlfEnorgie cindtique do turbulence dens Its Rxpresshioaz do I'dniorgio tot.le
(2.2) et du tonsour de Reynolds (2ý5), le noinbre do Pmadti turbulent eat suppOod constant Prm,-Og et Is

*officgont do viicoait turbulent. eat douiii $a,

(6) j 1 pFCj

oil W disigne 10 tourbillon (CT-RotV), I oat la louguour dt itfAnge 0t F oask I& onctio* corroctricoi do sm
coucho vlsqutuae. 14k longueur do M41=60e 1. fspporWo 4 I'epaiueiur 6 do I& couc~h* Wuits astdouatio comw. uoe
loactiou Unoa~lvesin du rapotA q 16 q m ddispmnt Is distamn A 14 pawo) pa:,

(2-7) 11/ w 0,084tap--)

od K tot Is constaow do KAnaa (K mO441). La fonctien co mrcinct F tot destiE A reptisontar Pevolguwp do ta,
toubultric deputo to, to#* oQ eli. at pluiseweaot 4tAlbW )uuis'au film iontitac swocho do I& waot ol #li#
S'aflsubOut, al. pout expression

honitoicm quo Is didnition do Ia vartithe i1ttermEidiwe f art sintavoriff It coeffimiout 0, it quo, per
C0#14eital, 1% tosAmigniion d# P. a aI*"# do Is weolao (28) noetwite Ilk sisohauton mtuao ftuion twplicto
DNa Iart Pfuc. cout tqu6W# *a ftraout Wa une molhodt ck poiwt Sxt

Oat nowtst ig.skcnot quo r~puiaeour 6 do I. ooChtck li~ite uknwvrt diret~tomeat doea ct noeddle do
tatbultact Cetec icholle do loa~ueur tot tout J fut w&Iplio out ctkule dolaiitques OA couch., timmt, to rovancheo,
101140011 Wisei leu i(quoasa de NovvrorSio-tcs, On Owe cOtict~wcat do I& tooth. visquemse & Is t~etoo do
duide pailait at Is difuraiastoan d#E 11atpouequoiquespeoblim, ci*paiodouie asltedaaio,

*Otas VOWs adot UPn ISadle U& simpl Powr lequl I. wo omlit do vwMaoet Cwtiiallotat deanE W
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(29) ,-poj, 1=014

Cette formulation prisente toutefois I& particularitd, peu physique, d'impozar 'in nivean do turbulence

anonn element tselbe au centre du sillage ad le tourbillon est prti~quement nul.

2.3 MacMe de turbulence & deux 6quetloa de t~nspoet

Dens ce modile, l'ichelle do viteoss U ot Pi'chelle do longueur L intervonant. dans Ni d~filuition du coefficient
do riscositd turbulento sont dUtermnin43o on fOnction do l'inergio cindtique do turbulence k at do son taux do
dissipation i par:

e '1 t L='ko'Ce' ,

do tolls scete quo is, a pour expression,

(2 10) p,.= Cp-.

od C, oat uno constant sans dimension.
Los deux ifquations aux dWriv~fes partiollos ponnettant, Is calcul de k ot t so pr~sontent sous Is formo suivanto:

+4v~ (jokV)div k~ e) + -?~v V-. p e A
at a,

table~au saaivrwt.

0' 0, of I C

0,09 1,0 t.S0 1.87 2.00

ll eet clusuique do digtinguer its diffimenb rdie. jouja par chiwun des tciu406 dos squsaor's (2 1l). Muir
chaoctto do cci deux i~qustios. Ne mombre do gauchre concwporod *u transport par 11coulament niojen do Is
quAndtid Caftsidiffs, quwn out tow linac.a du ombraerr do dmitta, Ila #xpitonot rospeiuowsnnt uoe 14iffusion* par
Vicoulowoat fluct'jaut, Una 'Production* pcopqrtionaolt. ou travail 4., conuainiAt do Rleynolds so court do ta
dc'tortnewor. duo & l'icoultmeut ~p nyor. tqat `di~pa4"a~r

11 RIX 1 4mwi quo I*# iquoltofl (2 It) pour A *t t no sort vaialds quo damsta ItsO Or)u is tibultoct sto
tptmetaornn d1ablio ErA rOvwth, dan. Its itgionu pfochte des pstots or) Plleft do Is vis" ~et.J oftcuovOt~tto
Pliporaditunt dever~ 1lcSvt do to turbotorrat cr do tafemo rdro de gterdout, Itse ilumsnn (2. 11) tit rondint. we
coMPl do facen .sawtaiew' os p Phomitnee jAYS~pos clii1 cativitat &o wMader It M0d010 do tulbulncct*461h
pa. (2 10) t 1(2 11) ( modil.e dit (1,t) ) ~Coo ptult te odaltsfppa mduifctwon dos iquawins (2 1 t) to y r~ctrroal
des tcreme supl~motaffes adt Intervient .xplittwMett to celimat do vrsoiu"M mnotculatw pa 11 tot figlowoat
poww'tc it Ceel to solutinr qxtf nous aoxrra tvtenuv. d'uthst It mortkt 441w4utt du pusamperk 22 dons to
votainag inmt~dies 4., Parou it to m0d4ls (k.t) loivquo I% wibultaco tot tout ii leat ds~ifiopp(t, topariag do
Pfomoto rrbc4El Mn "cMad s'ufeeCtUazt larsqu I# crippolt 'S4 "t eoPt"Inao U' on 1etan Vaour. ' e
&PlCOi4ar. nuanueP(4*tdt# Wn patfapeph# $. "Utt ValoUr Cnt-qUt a iti Pewsigi tot 114c qui touuapor4

un orcomtW do Retyiac1d turbultact (deftai sooc 11'"0110 do vueoa U It Pdcklithl do 10"gosrt L)

- - -do Votdre do, 100

3A. SC~iwr. sun Sa*1ftsbl £aM141

Nut Ic. iqveuorA de Nikwior-Sw4c, B e ysifts ;dtaxotnwe~a (2 1) cit 4mtvi pos 4pa. on foacwt~ do Imrpe
ii lWid d'uo urhmas oue ditftonoce Aasi, sepIkitt, do i. tcerorteo La dii, ý iiae to"uAlo des
fqoelna" "et &W#iij 4isetwouct duo. to oleo. vpywqua P"I d'vae Whaiqoo d4ckit dam jA .4 jit~ U
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schtrina paut itre considird comme une g4(niraiisation du sch~fma axplicite do Mac~ormack (15) dont la simplicicv
tat bien connue.

La principa do cetta discritisation an aspace eat Is suivant, Les d~rivies p"011e03e 001/X at 80/8y d'Une
fonction 0(s,y) sont approchies an un nooud MA du maillage par lts expressions suivantes oblauued A l'aide d'une
formula de Green

(fx in.) d= f (., d

as M fX%, do' 81 f Yn, do

oil lea integrales de cantour sont calculies le long du bord 80, de normale i=n, 1 ,d'un domaina elimantaire
Ql contanant It point M. Ces formulas sont obtanuas en approchant Is. valaur da 80/0s( reasp. 046/0y ) en MA par

* I[a valeur rugyanne des d~rivtes partielles OilOz ( reasp. 80181 ) d'une approximation 0 do [a fonction 0, deftnie
sur (3. La difterminatior, complites des approxiaMtions (3.1) nicessite donc )a connaissance du dornaine 01 at de

* la, fonction 4(zs). On notera qua, dans les formulas (3.1), l'oriantation de Ia norinale W ast indifferente.
La schfta aux difftfrances utilisi eat construit i l'aide de deux couples d'opiralturs aux diff~rencts finies

* ~decentr$3 (6,.,6) at (4j?6), difinis par leas relations (3.1) an prenant pour domains f), d'una pu% t l triangle
MSE (Fig. 1) at, d'autie part, It triangle MNO, at an supposant la fonction ý lintfaira sur chacun de cas deux
triangles. On notera qua ca sch~ma do discristi~on na fait appal qu'aux coordonndas des noauds du msillaga.

Dons la systdme deocoordounifes cartdsionnes (s,y), Its Equations (2.1) s~icrivont 3om Ia form* condlensE.t
suivanta:

*(3.2) -+ 2-F+ 0~O

* ~ 0 o1 ast is coloune des inconcua~s (P"6vpv,PR)r at ol teas 'fux* F at G pauvant s'exprimer comma I& diffdrence
do daux tarmos; F=Fj- Fw et G- 01-. G', l1indica 1' it~ant relatif aux tarmes do flitde parfait at I'indice V2

cortapodantauxtermas disaipatil's. Le nivasti do tempa Etant raprf par ltndic *a" (t*- x ), at Yakvlut
fournat par to prddicutaur conatitoE Wa It prtmwe pWs en tAMps, iUAi UnotE +WT P. t chUMa 240itt

Las dirwites inivervaint dani la contribution F, ( mp Us,) du *Oux' F ( teop. a ) soutt bpPruchba Wa Is.
op~awura SU (J.J ) a pot~i PW (P1"tdltUf) stpaM Ws 0p4af&Ucaj (49 d, stwecd p.. (corivctaut)

Lo vti~tuv do staIlkd do achima aotpioto (3 3) retaou pour las cakuls pF6#stkt a, Witr xptosiu~o

04if ##% wa cofxat uwtaiqus do Pocdrs do I'gitsd mutidutt to ruiooa du carasctd zppmtich do ct cfitdrs. ot
OtW A "t uime $oupesur ou~actstique do fa tadlk do to twilla

ILt schiva~o mitaitiqut a aid dtaai pour Wa tquations do Nswvio#Staksg Pott Is rtouluW 4" ifrmuatoq
dliuor. (,0O,4a.-O)A to ofto Sth'M& (33) aOd 1016 04 o0tits 440 (F,-oPW01..iO)- La W eudos 4.W"Wdt
aoaroopuodant at tidutt 4.

Notons tafin quo donts lo cmo du m~o~dt 4# trbialtuq dicuit aaa pwaa~so t.3. its dous tqubouza do
rasasPort tormissam & #t t so Poetifoiat Sou U110 14otm "gmov uo on alUt(S (2) moysasuet h~ateoducot~u

du madottwbes GUL fut soot Iulet"48EO Wa Ga uscil (3)3) Lea eiJta do, wabauw (3.4) W~ easoof
toA SC

3U V11sAMas aMsIdol

Nat urm ?~o t& 01*.1w du awmEa~ et cwwptur wnodactmeiat Is. dienintviaua 4. Pi'Ec otdw* dens W. adg4oa
do Odva Put"~ donst krim. do disupabt soot asou%4 bax Equatjiioa. do4 t ounifte. ivaao



22-6

(3.6) fs+=fssa'+D(f*)+D 1 (f*),

oil Is notation "ach" caractiffise [as vslours obtenuos spras application du sch4ma (3.3).
Le torino Da f') oat. un torme finisire de lisare so autd il toutos los iquations at a pour expression:

(3.7) Do ( f)=- Q.06!4)f' + Q, )

oil lopirateur aiix diff~frencoa quatriiinoa 6, eat difini par: 614) =114. - 4/4+t + 6fk - 41k-I + fi- at oil
Q.0 ot Q,,, sont des coefficients num~friques.

Le termo D 1(f*) correspond i tine dissipation non liniaire qui Wesat ajout~e qu'a l'4quation do quantjtd do
niouvemonL Par examnple, Io, coinposante de D1 suivant Oz s'icrit:

(3.8)

4k,

oil A, (reap. A, ) eat ]'inverse du noznbre do nootids do mails..e suivant hizdice Yi reasp. ' )dans It soUs-
domaino, considiri. et oil Qj1 et Qjsont des coofticients uuwidriquea.

3.3 Uc~hnique, do sous-nialliage par wcoes

L'important rsliintment do msillise su voisinsgo do Is parot ndcesmairt dons Io coo d'un ecoulomant A grond
uombrt do Reyntolds pour reprisenter Ies forts gradients do vitesse dons lis direction t~ronsversale. ctat gfn~rsleomnt
obtenti *A moymn d'uno contnction asnlytiquo. Coepndont, It rapport do rafintinent loWo no peout dipsassor tine
cartaine volour pour des mizuona do pricision, co qui conduit A tin tris grand tiombro do naialis. Afto do rami~dier
ii cct intConv~initat, on utilize It tachaique suivanto do soue-moiaiJIso pw out ss proposic at doveloppit par Vivioind
at Ghazzi dens 1181.-

A un mailloge praeonnt. dano It plan phyaiquo (oap) tin. at ontrii rfiguisrt, eat amscii Un in10l044
uninformst dans It plea do calcul (X, Y), c'est A dare it pea constant A Y A parur do to m40440a do base daos to plant
do calcul, Is technique, do wsoot' rnautlo par zones, cotauasit A divisor par doux I& ladle on Y do I& minstle dunt tort
& Is suivanto co allozt va;* I* pumo L~e rtaillagv obteout par rotour dame to plea pbysique totubaito slot ki tmlos
do Is, co~uto snalytque at do cotta dlchotomi it

Lovi tooti tne tor4M 4pcs par un, toitit f vwiaaL do I A Q, %ovo fý 1 A 4W! Is ni, wiltotl av, tk Is MdOO to
Y dens 6awoe. I eat doonio We

colts tidtrnquo ettponiot use w 154)40 A trasto u'lt ob mail*&# rdotvoont 41mhtor A Io'ex4tuto do 16 coutbo
hUbt r UO tutasillai tath al lne do Is OUS-0cooche vtsquoulf. lout ell CoistY&~AL ti4 ustllqo 146uht dAn. cbsquo
.01)0 LOU UOUvoro dfns I& ilfotfjnjfIt (Ill mtan edo " WtJeo de l'opwnnatn du uotasitao Wa toucs potwsotott
vour Up* 4fPwUssur dgoisdo Iatf instal. A la pwovo. do tboawt Iso dtfftrnta puratttes, tataresnat dons COWl
JuAhtodt, do =W1142u do 11gon A MIlotuiser It coil du cokul

Le ittcod do 'louxtal oono * cmtn *t mAvitr par meauvutmetat Le domisino de dipladute aumoiatque du
weims do MuC'usek (3 3) pi~qoui *uis iusti~oa do1iiorSo~ *sOlteodt mr 'lout inaill. dos chisque

diroeano, tm Otb il Pafeuti &W. ilit dwue Is too# # quo pout k lops ItoeI'.3 a L 7~ . 04l 1 tat Ilindic low.u
Vvpfmant Its litso de maillg do ta to# opt vw A~j 01~ 'aos It dirocloi des Y amniiato Les esiouts

fPdes Wn'onauts I sotr Its htov 1~- 1,2.01'- 1 at tsnot oblonuts W t u-asIet ot interpolasoo A perta dtv
vialtsit do f dens too wea" Wdtoatso (#- 1) ot~ (I 1). comtwo 10mto I&ba hAjtvr 2 LO 1ooMial. d1GtofVAzioo
UatM6 ont 6a Sian ila,

(3.10) +~ooAt 0-1~' i(~'' +1 ") * oJ

VA60i wO PWoet W04ue do Welaye tit tempsdt toot# tat moosw to onovio do matstro i tti~lsof 'len chuaw
z~on Mo pM do "soap Prase diper dot 4tos~ 1 MIS iu CAM0U Fc A cbsqui soon. Cmi. .teviqa ne4 foodit tur to
&cois paut Is so"s d'n pas do temps 40 VPwefu 1 A140. eo4 J'spioa (3 0)ý
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od ACQ eat Ie pes de temps utilisof dans Is. zone externt. Ce choli correspond approximativement i la, valeur
optimum dans cheque zone, si Ia stabilitif eat gouvernte par Ie critire "fluids parfait" (3.5), ce gui eat Is :~as dans
les calcula prefsentda aux paragraphes 4 et S. Afin d'avancer en temps de ineniare coordonnife entre lee difftrentes
zones, Ie nombre d'itifrations devant Stre effectuffee dens une zone q pour une itfra~tion dans Is zone Q eat
MF)-= 2 9 La progression des Mtrations dana lea diffdrentes zones eat indiqute stir le diagrainme de Is. figure 3
correspondent i un sous-maillage en quatre zones. Ce diagamene difcrit un cycle4 c'est i dire l'enseinble des
iterations effectudes dan3 lea diffifrentes zones pour tine itiration ( pas de temps AP1 ) dans I& zone Q.

Pour acceldrer ]a convergence du processus itdratif, on utilise dane lea sous-dornaines "Euler" Ia technique
classique du pes de temips local. En revanche, dens lea sous-domaines `Navier-Stokes, Ie pea do temps ne varie
dane line zone donnte qu'en foniction tie Vindice *".

3.4 Lois de p"n~

Le celcul du tenseur des contz'aintes visqueuees i Ia pealo se fait gifilralemeat per discrdtie5on des dtnivdes
de vitesse. Toutefois, aux tris grands nonibresl de Reynolds, on observe qu'i Ia, frontidre de Ia soue-couche
laminaire, Ia vitease petit atteindre tine fraction notable de Ia vitesse A l'exttrieur de IS courbe ViSquel.1se. Une
description corrects de P~couleinent nicessite alore quo la taille de Is inaille voisine do Is panoi soit infdieiure it
Idtpaisseur de Ia sous-couche leminaire. c'est. i dire quo It premier point do maillege 3oit i6 une distance ?) de la
parol telle qus Ia distance rtduite il diffinie par j? -P,vj/P soit infirieure 1 3 (u, difaigne Ia vitesae de
trottsment difftie d partir de Ia tension do cisalleientr il£ Ia perot par Ia relation: r,.-pv*)

Loraque Ie notubre die Reynolds est olevt. la distance j7 correspondent 21 ,n=3 est trits petite, et to noinbre Q

effectutees dAT1e Ia zone la, plus proche de Is paroi eat ogaI 1 2Q - ce grand nornbre diWrations eet lit i I& filible
valour du pes do temnps corcespondant 6 Ia trds petite taille do [a inaille 6 Ia paroi, et conduit alore I un coilt do
calcul tria ifleve.

Une approche plus deonoulique consiste 6 reprcefsnter Is viteaso par tine loi tie paroi universello qui perrnet do
calculer lea contraites A Is peroi saws dtserdtiser leg dirivdee tie vites~e Witdedste base pour obtanir rca lois do
paroi est d'admnettio qu~il exista une rittion doe Ia icouche lialite proche d'ý Is proi oi l a tension de cistullernent
Z-i oat coustante, (Sale i $a Valeur ii Ia perot r, ( r eat It tenstur dt3 ecritwat-e3 leminairee et turbutentes, i' at

Sde'tgitertt respectivement te vacts unitaite nor-ma A ta perot osienti vars. Iexidnieur du domains doe caletil, at
It vectaur unitatre tangent A Ia, We~i tot qua (1jt) soil direct) Cetta riZgton, 4"Vple couch. interns, eat a~ls-
womiie elassiqatitlent (voir. pw oxeniple. 1181) diviaesitgi tf.bes Ioije-ruchee SlOW I'iritpoftilce relsliyi dies
contrente lazinwnes el des contreintes lurbulenesa t) 14 sous-coueholt iawt hainlinte'a i r)*<3 at dama lequelle
pi, eat niflItgeeblv deviuit p, tit) tine eoaf ntafrntitieirtc kilteniti go if6 it q40, appolit totnuunimfut $*uil-
coteebs tampon, at dens laqualle pa iswit don taiemtu ordeet. itii 11A sone..ouchs logvithlbinque dedluit & ywrta do
q -- 40 luaqu6i 14 lirtitti oupiriouo doe la couthe interne, ettidas Iaqt)Icl is, etatgrnd -dovornt

91 V4 dideigpt Is coneposeeto tie 14 viteisa reluite deno 1% 4tirctown I ( Vil ý v~Vfb, ti exists Pour Un Cune
limtso iticncompeee.blo dta lots wimplos toehant V1' at it* daiti lee wu*tra-cibse 1mole oute loa 1 knhtmque.

Dane 14 wu-couthe laneteer. I4 lot do vat~te sedltt

at doan Ik% vs*o~uacbur lowetbrwsqu9. *Ils a pour cxpusesa.o

K

tad K tit 6s coeamute dt .Iama aa t 0 Mlns contatsbl Al5mt#M4Jlo iýn leviasbe. denI& fis caught ui spsa il
Wa515s taw t d lot uniteestile simtipha Moalt V(* et q

Den. li I ato C9W pf*ýseotk!s at $osga4htb 4, nnut t-sons ouutig 14ie t l (3 t1) at (3- 13) VaWWV* 42C
iMrnmAPeasetbl Iamss MAt oloiniqtlia vwwutt k4* pate *0 vbutitnge te la, paol pouti let koulect.ator %wawusia !3f2

t~i4~ee N~4e at.lt mlenu iiae),utait qvia Isoaus-wourhe tmpoflus cKtsaet 611* dictcit iuteiq' milts Valtou
11.223 Par la tot lurasaile (3 12), 1& contibuiido Vi , to q* U#tk*se alms I& saauv d Ite muisoatastt C

C~o5,449 EA dd~ative aa oium ~iejl a vileiu. tangtotwilIta mU festtir "ntn df tiull~t nott uitut outi Is P"tni
ass kite (3i 12) tt (3 13 ,) Piutstiiiitia do Maununaor Is valtul r, tie It wssu~ft d* al init £Is psea NotuiMi egut

as ivalti 4wiqIud tte lot ~st M tutu ia es 010"~n diwtl iCa ItotAt k iled TI , aSU Sidat 4 Vt
La vaidur doe it* wn plwrea. point do aos waiauveit sooti la t4wil de Istodutwonut at **"au'lo mitat itu VZ

Polld a ftntms oteo 4.kew elamat C'asl poolou o fW004a.o qqu'iw sift* f j~cs ube4"tli r 041 to, 10i sewrita.
96 to lot k~wiimiquea, slon quit q* eat ditiotut out pftratut .4 (1' Cie l *A at ounail pw kn vsulu die
0* a jgwi otIp qus q* tipmt4 do ar, qtiq *At Viunawasiv - ala dufiM Ult paul Elms r.olt toi t nrm6Mvtaml d'voi
PIA 4"o Vt est ijt fa. ctiou croinwistie *k~ dit eg*2a PLY1, q~uo It pfo4qv; L~q%*"PVt/Ds fn %4dtedn
do r, clone coanau Lo choir anti. Is 10; lu0dar (3 12) at la IN 4i tognimqta. (3 13) ossf~ecwt &$or# an

(PmlWaia" I& qleeWd 40V4q/i 6 ta valuw qs5' La ttiles Lm u don tie, o'la w taisapkatwsn &au is to diIs to
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lineaire; en revanche, dana Ie cas do la loi logarithmique, nous avonas utilis6f une mithodo do Newton pour
Zapr~aoudre Porquation implicit. donnanit v

En pratique, Is maillage eat d4fini de tells aorta que I& taille de la maille pris de Is parot corresponde al une
valeur maximumn de tj' do l'ordre do 30. Cecl permet, par rapport A un calcul sans loi de parol, de diminuer d'an
moins trois Is nombre Q de zones de sousi-maillago, et donc do divisor le noinbre d'itdrafion3 effectu~fes dame Is
zone Is plus procho do Ia paroi par un facteur au moins 4gal i 2¶ soit S.

*3.5 MmlIterneat dm o. ndltioo mix Ilndltan at 4o aw r Pso ninctre tee so~u&-domalnoes

La technique do traitement des conditions aux limit.. et des raccorda ddcrite dans co paragraphe a OfUi utisise
*dansi lea applications numiriques prisent~es aux paroarsaphes 4 et 6 pour toites lea frontiires, il lexception des

parois et dea frontidres internies s~parnnt deux sous-domaines 'Navier-Stokes". Cette technique eat tondife sir lea
propri~trs &s. squtimes hyperboliqUe3 en temps; son application an cma d'une frontidrs interne E adparant un
sous-domaine 'Euler' et un sous-domaino 'Navier.Stokoa" exige donc quo lea effete di33ipatis soient n~gligeabess
au voisinage do E do tells aort. que lea equations de Navier-Stokesa s reduiaent pratiquement aix equations
d'Euler. La technique do traitement des conditions aux limit.. a W~t proposee dans 1131; son application au

*racCOrd entre 3oUs-doMaine. a itif decrito daria [91 Lextensien an cas de sous-domainee at rocoouvant presentee
*dans 1191 no sera pea envisages ici; It lecteur intdress4 trouvera do* applications do cette extension so

approximation do guide parfait Uas 1191 et[13j.

3.&.1 PI~n-pe do Is mrdtiuxle

Le principe de Ia technique de traitemont des conditions aux limitts et. des raccorda pout Ptre inonci comme

En un point P djue fronti~r. E, iveritiuetenint. mobile. d'un soiladomaino D,. Ito systam. layporbolique A
rdsoudre eat remiptc par un systime equivalent forwin pi Itea rotations do Conipabbibtit ( ou rolations
cUMVc63itiqUoa ) macaoids d, t& normale unitairt V A on P, orteron. par exampte vera loxlteriour do D,- Cos
rot4t~iaoa de compatibiiE euott, intarpri~it cminni des iquations d# transprt to tong do directions
particulidrou du plui (V, t) P"rro 1ea reltuions do tocopatbbitit Ecriits an P, on no retioot quo colles qui troduidaot
un ttansport do l'inWricur do D. vera lexdriout. La solution aui point P eat alrs obtitnue on oompltitnt Cos
rvtawins do compatibiliti, sott par dtis couditioos ani limit.. si 1; ost unt fronti~rv externo, woit pat doti Conditions
dot twcord at E sipate Is sous-dotuoino D), d'un auuto sons-domain. D Lv rae diun systilio byperbotique en
tempo qutloonqoe oat ditect dons 191 ot 120). Noins attoos d~oveoppot itt ia technique do trantoeint. dae =&iitous

* ~ U 1six trmteS Ot (141 racCOrds densA to Cas (1e2 fqUaU0A4 d'EntO; bid1;tenoionno lHc

Los J uuttol awaso do cope milWp"Wt tor wcyatos a I tiornata ova it..s sloi ~aqW

Les vskuts propoo 9 tvtie W agos p itd cmowoaci act pouti

Lta qouatn ccmpoositat do 0 * dcest4 vazt*akia o0pokdamito ditivant 1'EtAt dui avick. I cot 4to t oottsm
bwv"Uo des .riAW"e maev4 fsU~Vo t9 of, cat otoilg( V. Vf,)'r. ar2 Z *it to ve~te.4 uliaire Atoue 41P
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L'namen des expressions (3.15) des valours pv-rrp;s 1'xnoni~t quo Ia position do coo vallours propres. par rapport

ilw no dUpend quo do Isavaleur du nombrt do Macb normal relad W,,n Vrw)/4 i comparor4l- 1,O0et +1.

3.5.3 Dhadtlsbaavlo do. nlstloei do coonpat1blflk

En pratiquc. Ia dliscritisav:ssn I.1'uno rotation do cornpatibiliti so fasit directomnent dlans to maittug utitis pour
Vapplication 4u schima courent (3.3) Lo principo do cotte discritisation eat ddcrit dana (131 at [9]. Lea relationa
do compatibilitd(3.14) a'Ertynk naloo Wrs simplozont sous la form. dwsrdlsao suivanta.

od Ia notation (* dsiaitn 4 valour do g calcutdc 4 purtir dos vatouws do p~p VpE dounnds par to scho~ma
numdrique courmat apptiq.L sau point P. Notan3 quo y or viriflo on giniral pas Its conditions sax tunitos ou its
conditions do raccord.

Avoc to thoix g _=(,,t. V,,p) r, to. coofficoenta w'1 ontdoand3 per los rotauons (3.18), otItosquatro rauoiswn
do compa~bitito' dicritis~os s'ecsivont:

+ (pa)' r'-,P-g (PO) .y

.4).

"3.4 Gas d'tw.. T-vpuvw sufctdell flue
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22-10

compatibiliti onoespondaatS imnea propagation do l'infonmaaon do rjui.Vjuir ciu domatn. do calcut vors t'extdriour

Sue ts frontiro an]., sinsi quo sur 1'rue AS (Fig- 4) et t& frontiro. lwalti] du domain. do calbal n'ayant pas
d'liomologue par pdriodicitd, on applique iuo condition do 'non- r~itnlions. qui sdteritz

at of

oil V. di(signe to composmnte do la vitosse sawaant to normal. - la fronudro, orientS. vean loxttriour du domaino
do calcal. On romarolue quo, cotte conditon (4 1), qui conduit £ tin problisno mathimatzquo bion poa4 1211. no fix*
pus Is valour do )a priission statiqno our In tronuaire ant., mats quo cello-ct pout varier dlans lo temps on tonction de
I6 vitnsse normal. Les auites grandours carsctrisfntiqUos de l'tcoalomont sont obtmnuos i Iakdo (its trots rotations
dIt compswbibiti devant fire utilisios

Enfin Ia condition do p~iriodicittf eat apptiqudo our Its doux fronudros latdralos du domain. do cAlctit (Oxcpto
Iarc AD); son tratcement s'effoctao do I&amiie f acon quoi colui d'ue coupuro ontre doax sous-domaua"o

t.o Deaczipt~a de o.luls

Les calcub oat eVd oftoctutds A Paid. du modile do longuour do mno- t leangt *ai appliquant Its lots do parlm
dicnrtas au parqnrpbo 3 4 Los condituotmi nitiales risultent d'un calcul offee~tno an approxiimaiion do- fltude parfait
qut. on outre. Porinet c'uue porvtd i imuitar hicArt onirt 6s eotQ-tF*-gronl initiAl.t Lat s rontr-prossion 4i
convergence dii I Papplication do Ila condktson ce, non-diflaxion (4 1), ot dlLttro put do idisominor par ant
technique Walausiomont ft ligno do iniullag I,, coitnsofotint Ia ligno do courant ;usa. tic bond de tait, do isubo
Co dorritor point pormnic dassror qu'4 trio grwid nvmrabb do Reynolds, to situpa vrsuoux est cantonsa dana Its
soas-domoines "Narior- Stokes' sans quil sodt nice=tsaro dona actgmnntct oxgrooldetndue tranasvorsalo

ILe tabloau suinvarint miquo loa valeura do I&. contle-prosson oval (p0/p,1)j curatirsauquos dett trots Calecuil
(natis rosPoctivoucont 4.6 at C). wiao quo It* valours dui nombro do Mueb (AI4L doe I&prossion i'an~t(p,) attide
ladiesetmacn (coo do idolis 4tvai Co dlormetr n'c1Mt wtief-i( 14 ladmfldoc do 1'Ecoulmo iamn g MQt loo

so/tnur 0v4 d7 vus fait

Ms I 40 lAG 1.0

09044 0.096 0,4wQ
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longueur de reference est l'encomibrement a al). A la travers6e des -oupures s~pvarnt un onus-domaine 'Euler" et
on sous-domaine "Navivr-Stokes" ( par ex'mple, D,(') et D,11 ), Is taille de Ia maille subit line reduction d'un
facteur cinq dana la direction trarieversale; cette discontinuitd de Ia m~trique ne pose pas de probidme numdrique
particulier gri~ce A la, tech~nique de raccord entre sous-domaines utilisisd 3.5 )

4.5 Pr,&entations des r~sultats nriundriques

Les champs dl'ecou)liinents calcules pour les trois valeurs de Is contre-pression du tableau pricident sont
illustre's par les figures 6 a F repre'se-sant les cartes du nombre de Mach. Bien que cel% napparaisse pas sur ces
figures et alors que toutes les ca~-.driatiques de l'~oulement ne sont pas fix~fes sur la frontidre sznont (§4.3 )
l'exsznen des r~sultats nume'riques mnontre qua l'6coulement en axnont, du bord d'attaque est inddpendant de la
contre-pression aval. Pour lea deux plus faibles valeurs de Ia contre-pression, l'6coulement rests entidrement
supersonique dans la region de fluide parfai: )a contre-pression croissant (paassage du ces a 3-u cps bt), le choc
oblique issu du bord de fuite de l'aube a pivotd vera l'amont et son intensite a augments', conduisent il un fort
e'paississe~ment de la couche limite intrados qui se trouve alors desshbilisee i la limite du decollement. Pour la plus
grande valeur dle la contre-pression (cas c), des zones subsoniques apparaissent dlans la region de fluide parfait et
on constate une stucture de choc en "X" qui results de Ia rdftexion ainguliiere diu choc &~ bord de fuite sur
l'intrados de l'aube, indluisant un decollement de Ia, couche lirnite intrados et un fort 6paississement du sillage.

Cette analyse des trois ecoulements eat confirniee par lexainen des figures 9 a I1I qui repreaentent l'evolution
0 ~de la pression statique aur l'aube et le long de Ia ligne de maillege Ls qui ae aitue approximativement au centre du

sillage. De plus, pour la ces c, Ia figure 11 preaante une compziaison avec un calcul effectud en approxcimation de
fluide parfait, et, comme if etait previsible, lea eflets visqueux ase traduisent esseatiellement par un deplacemient
vera l'aiont des ondes de choc q-ui, aux parois, se tranaforinent en compressions continues de plus faible
intensite.

Lea figures 12 9~ 14 reprdsentent l'volution de l'dpaisseur de dipla~cement des couches limites intrados et
extrados On observe qua seule Ia partie aval d-, Ia couche limite extradlos a ete ftortement modifi~e par
'augmentation de Ia contre-pression. Ces figures mrettent 4galement en e'vidence qu'au voisinege du bord de fuite,

lea couches lirnites intrsdos et extrados aubissent des evolutions inverses, re'sultant respcctivenent d'une detente
et d'une compression de 1'ecoulement.

Enfin ]a figure 15 repr~sents des profile de vitesse 4 l'intrados de laube, ii lextrados et dana le sillage calcula's
pour Ie ces c, mettant en Efvidence le dof-ollement, puis le recollemant de Is couche limits intradlos en aval du choc.

Le calcul de cet dc-oulement c effectue, rappelons-le, avec deux zones de sous-maillage dana lee sous-domaines
"Navýe r- Stokes" et un nombre total de points de maillage egal i 13344 a na'csssits' 8000 cycles pour attaindre une
c~nvergence satisfaisante, ce qui correspond ii 1850 secondes de temps CPU sur tin ordinateur CRAY-IS.

S. CX)IvPARAISON DE MODELERS DE IURBULENCE POUR UNE IN¶IEiRACE(ON ONDE DE LMOO.
(X)UCHE LIMITE, EN CANAL.

6.1 Cm do calcul

Des simulawoni nume'riques de l'interaction d'une ondle de choc avec une couche limits turbulents dani; ur.
canal bidimensionriel symiftrique ont 4tkf prieants's dana (221 et [231 pour une situation do de'collement. naissant,
et pour une situation do dicollement itendu. Las resultats obtenus aver Io modille algibrique § 2.2 puis avec Ie
modile (kec) (§ 2.3) ont fait l'objat do comparaisona avec des inasures d~taillies obtanues A l'aide d'un
Velocimdt~re Laser d daux composantes 1241. Nus reprenons iWi Ia comparaiaon portant sur I'interaction avec
dercollement dtendu, dont lea resultats eont les plus significatifs. En effet, bien qua Ia configuration 4tudide no
reprisents pee totalernent Is. complexitd des e'coulements dans les turbomatchinee, ella apparaft comme un cma
d'4preuve tria significatif pour lea modilas de turbulence.

La longuaur da reference Lo choisie Eftant Ia hsauteur maxiznale du canal, Is nonibre de Reynoldoset igal ii:
Reo=2,078 10 .

5.2 Dcdcompoetilon on o'w-dornalnes

La canal considir . Etant symetriqua, Is domains ds calcul (Fig. 16), limite do f scan naturelle par Ia paroi
infirieure at 'axe do symiteie, eat divistf en deux sous-loinaines de Ia f aeon suivanite. Uiie coupure E
Iongitudiiiale sepere un sous-domaine Dv, jouxtant I& paroi et contenant Ia coucha visqueuse, d'un sour-donisine

Dod lee effets vi,.,Aux sont nigligeables at od le E* quations d'Euler romplacent lei; dquationa doe Navier-Stokes.

6.3 OondliUons aux Ilmiates

P ~A I& paroi, on impose I'adhifren,~e du fluids ( v= v.0O) et un flux do chaleur nul (&e/&1i-0). Le pression e3t
calculife par diacretisation do I-, composante de I'Equation do quanUit do mouvenaent suivant Is tani -,t i I& ligne
do maillage X=- const passant par le point considirif do Ia paioi.
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Suir l'axe de symftrie (froutidre de D.) on impose une condition de glissement qui, A convergence, eel
iquivriente en fluide parfat a. Is condition de symetrie.

Stir Ia frontidre ainont de D, a de D,, lee conditions gineratrices et la direction de l'coulement sont
impoiedes. L'dfcoulement est obtenu i l'aide de ces trois conditions aux limites complitdes par tine relation de
cornpatibilitif.

Enfin, stir Ia frontidre aval de D, et de D,, Ia pression statique eat Wixe et lea autros grandeurs sont obtanuos
0 aide des trois relations de compatibiliti devant Stre utilis6es. La position de I'onde de choc dipend

essentiellemorit do Ia valour de Ia prossion statique ilnpo86e 6, lava!.
Comipte tenu du caractiro convectif des iquationis (21) k t e sont fxisd i des valours k," et ,Mi stir Is

frontidre amont, at sont extrapolifs stir Ia fronti~re aval; at, sur Ia coupure E, k et e sont flxis aux valours kw et
c~f lorsque le fluide va do oe D. eesD t sont "~culifs par It schima, numeriquo bisaque le fluide vs dane Ia
direction oppos6e. Lee valeure k,, et 4E sont choisios trits petitos et de telle sorbe quo ju/p=-0¶ii mains non
nulles pour 4viter que lee tormes de production des iquations (2.11) ne soientsinguliors. Do plus, eur Ia frontidre
rival, Is quantitd imposdo est store urne 'prossion" p 'difinie comm. lsa contrainte normale moyonno, c'est idire;.
P =p+2/3pk.

5.4 Detcwlptlon doe calculs

Un premier calcul do l'interactiou onde de Qhoc-rouche limite a W1 offoctu6 avoc It moddle dt; longueur do
niiilango, a pArtir do conditions initiates zorraspondant ii; tin icoulement non visquoux monodimensionnel. La
proasion statique imposie stir Ia frontire aval a 6A4 ajustdo i uria valour pg==0,887p,o do facon ii faire coincider au
miniux P'onds de choc calculafe avec londo do choc exp6rimenbale. Cette valour diffiro do Ia valotir exp6rimentale

1'~,.,
0
.

4 8
Po.pour tine part an raison des effets tridimensionnole due A [a prdsonce do couches limites latirales

&ins I'expirience. Le maillage utilise (Fig. 16) cornprend. 181x13 =2353 noeuds dane D,, 01 181x53 =9593
noeuds distincts dlans D,. Le maillago do D, comprend buit zonos do sous-maillago, It premier point do calcul eel
& unc distatice rdduitc Y1+=-2,4 at Ie rapport doe taill~es dane Ia direction transversal. yr d'uno maille procho do ina
paroi ot d'une nzaalle pr'Iche do I'axe do syrftrie eet orgal it 0,003. Dos ossais numiriques ont montrt6 qu'un
rossarremont. do insillage plus imlportant dane Is direction y~ no modiflo peas Ia solution, a1 los caictils peuvent ainsi
Wte on iidifris comm4 asset prdcis pour valider une comparai~on eratre does moddles do turbulence.

Un detixiimec alcul do Vintoraction, avoc le mod~ie (k,c), a 6tV effectui dane le m6me maillage. L'itat initial
pour ce calcul vorroslpond 4 1a solution obtanue avec It mod~ik do longueur do m~lango, lee valours do k at t itant
calculieb 4 partir du champ do viscosit,6 turbulent. il laido des relations suivanbes:

(549)

p Oy 8:

Dane la ri64ion proche do is paroi oil to moddle (k,i) eet remplaci par It module algtbrique, lee relations (5.1)
.iont igalement utilis~es pour donner des valeurs i k et e. La pression imposie i l'aval a 1% m~me valour quo dens

!.,-alcul avec moddIo algdbrique.

5.4 'Prdsentation dos r~sulttAL riumdrlques et oornpai~sc avec l'oxpdrlonce

Lo'xanten des carbtes dti nombre do Mach calcul~i l'Vaido des detix modiles (Fig 17) permet do const4ter quo
Is rerion d'interaction eat beaucoup plus itendue avec Ie modile (k,t) qu'avec [o moddle do longuetir do znilango.
Ldcoulement calculi par It mod~il (k,f) prisonto tint ondo do chot sayant utin struccuroot eu W bien diflnie
-;orrespondant & tine rdgion dioolido nebtomont pl4us importante (comnto Ie confirme l'exsznen do Is. figure 18
reprisenbant lea lignwrs do courmnt). Le position do londo do choc eet sensiblement plus on amoat quo Cello
talculie par Io modilo algibrique.

En raiaon do co dicalago, lea comparastons quazrtibativoe qtii suivent soront eifectuies en considirant tine
abecirss relative s - so, oil so disigne lorigine do l'inberscbion d4finie comm. Is point oil Ia prossion paridtale
0o0m Mor-t A croitre .

Lon distributions te pression pari~tale sinai tracies (Fig. 19) montrent quo Ia compression pridite per Ie
mod#ie do longuour do tndlangoeoat t-rop raide alort quo I'scoord avec. lexpirionce eat bien meillour avec It medille
(k ,o). En partictilier, It plateau do Ia distribution exptirlmentale, earact4ristique d'une rigion dicollie, eat bion
repr~sen#4 par )o calcul avec e omoddle (A ,i), ators qu'll n'apparait peas av-tc It moddlo ..4Jgibrique.

Ccpendant, Is distribution d'ipaisseur do diplseenient 6*(s- so) (Figý 20) pridita par Ie modile (k,t) nest en
bon accord avec lepo~rience quo dans Is premidre partie do linberaction, Ie rotout & liquilibro itant en rovanche
mal dicrit, Pour I. modile do longuour do ni~lszge, Is bon accord apparent do 6 Is- to) ayec I& distribution
oxpdrimentiule eat ddl on tait i tine compensation dos imperfections des profl~s do vibesse calculift, repriwesds sti
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]a figure 21. L'examen de cotte figure canfirme igaloment quo les prafils do vitesse abtenus avec Ie mad~le (k,e)4 ne coincident avec 1'exp4rience quo dans Ia partie amont de I'intoraction alors que le processus do relaxatian en
aval n'est pas correctement pridit. Cette mauvaise descriptian de l'ifcaulement en aval de l'interaction conduit a
une surdvaluatian de Is longueur du dicollement par le mdd~le (k,e). On pout canstator toutefais quo Ia velour
de [a vitesse externe abtanue par le calcul ( ke) prisonto un bon accard avec lea mesuros paur lea quatre profilv
de vitesse prilsentifs.

L'exaznen des profils do tension de cisaillement turbulente (Fig. 22) mantre quo lea d~eux modiles pro~disent
une craissance trop rapids du maximum do Ia, tension de cisaillement au debut de l'interactian. En revanche, dans.1]a partie aval do l'interactian, Ie modile de languour de m~flange canduit :1 une dercroissance trap rapide do ce
maximum, alars quo le madile (kec) predit, un pracessus do relaxatian trap lent. Paur ies risultats avec Ie maddle
(kec), on a igalement offoctutf une comparaisan entro los prafils dnenrgie cin~ftiquo de turbulence calculifs et lea
profils expifrimentaux (Fig. 23) mettant en idvidence une sous-~valuation de k, en particulior dans Is premidre
partie do l'interaction.

Les principales conclusions se de'gageant des comparaisons prisentdies sant les suivantes. L'inadantation
gttngralement admise du modile do longuour do m6lange a reprisenter do grandes ri~gions di~collifes est confirmie.
Le moddle (k,i:) amdliore grandement Ia pre'diction do Ia. pression pariftalo, et donne une bonne reprisentation do
Ia premidre partie do l'interaction. Cependant, plus en aval, Is. solution obtenue par ce madile prisente des

*difftdrences notables avec l'experience et. en particulior, uno trap lente relaxation verit ii nouvel etat d'iquilibre.
ftUn tel ddfsaccord eat sans aucun doute dil i uno mauvaise pridiction des tensions, turbulontes, ce qui pout
* remettre en cause le (oncept do viscositd taurbillonnaire pour des interactions aussi fortes.

Le calcul de l'tfcoulement avac le modtdle alge'brique et huit zones do sous-maillago a nicessiti65000 cycles
pour obtenir une position stable lo lands do choc, co qui correspond 9 cinq heuros do temps CPU Sur ardinatour

ft CRAY- IS. Co codt, admissible pour ur. calcul ad laon veut comparer des modilos do turbulence do manidre fine
*d a exclusion do moute autre approximation, oat en revanche inaccoptable pour des applications do type industriol

conime cellos prifsentdos au par-agraphe 4, oil des lois do paroi avaient pormis d'augmonter considifrablemont Ia,
taille do la maille i Ia paroi, et danc do diminuer fortement Ia durO'e du calcul.
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Summary

• "'Ž:..._he development of time marching methods to .nnalyse blades started at Rolls-Royce in the
mid seventies, when sufficient computing power was becoming available. It was recognised
that such methods had much to offer, especially for transonic and supersonic flows. Since
then several different algorithms have been developed to predict both quasi-.3D and. 3SSflows. At present the time-marching methods are used to solre the unsteady Euler/Navier-

* Stokes equations to produce a time steady solution.

Future developments are aimed towards predicting loss accurately, and to investigate
unsteady effects such as vortex shedding and incomint wakes.

C local speed of sound in air A PRT

* Cp specific helt at constant pressure

Cv specific heat at constant volume

4 S•peific internal Qnery . CVT

E total specific enorgy t *
stream tubie 11eigm.

H total V1t1halpy

I s~thalpy H -

rof'uhclivitv

t" Awricdional distn•fe

P pCO80ur@

P.. &Wlecular Prandtl hueber. 0.72

PA~ turbulent Prandil n~mber. 0.90

beat conduction flux - -4 T

rOz polar coo.itinatea

R. gas cowsant

a are langth on blade •urfaca

S surface area

t tine
T tei.pratu~re

absolute velocity vector

t�relative velocity vector 4' V* - •ir
* w "bde, angle of streas surface of '-evolution to axial direction

boundary la"r displAcement thickness

A density

(gotational spe (rad/see)
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V ratio of specific beats -

4 turbulent eddy viscosity

AL isaminr molecular viscosity

Cr total stress tensor

1`1 viscous stress tensor a 4p

AV elemental volume

Subscripts

o total conditions

abs absiolute

rel relative

re,Z comaponents in polar coordinates

*meridignal com" nent

Iupat teas conditions

i..nk local grid coordinates (in ZO~r directions)

t~ktting the Ieati ten to fifteent yea4rs Iime-VArchinrj Qehs frinena tor kAbo-
MaChinery flow problesta. have prti0re-Iased cot~~ul. originally applied to two-
dinitnso~na§ CaIscade flowsg With the restirictiotl of anM inviseid gas, to the present day
wheon the-iososviscousi flow probý@#vs, tin bothi stady and inste-Ady, states
Are hoino attemp)t04. Hand-in-hand with thea d~evgemo~nt of the me~twod hasE been the

majr dveieesntsof Computers. anld the incvreae tit the giso t( the 5e0.~ry which
thety nay Access. The vrole hakve reversied *everal tines, in that At tims methodls

have4 benrtttlo ha f ZAVAilabtle computing9 POWqr, Witereas at ktithes %tI-eSi
c ptigpower hagL race;d soldet oa theo mpth-.de developet in aeinl in1 thi

ce ntwtrfer-g to A Upethod whichl solves thed unsteady ~raileta oso
cwontintuity. "Oer.y Awl either tho tnvtiscid (lkster) or visoms('evewtois
eqMUatlesc. etbte ewredm in coQnservaxtun ftrA. vi'P.

)tcenun Naiu-k%7e)- V4.Y) 7 g 0 c2)

_)(3#
th euioIt advancedl In tire (M srted)tolvvd eilther A iw043Y!vtov

-quio) 4rt rvd n unteedy. (tins LAanratep) solution. The first 94 pl icAt iol%
of luetsrchngfo steatwv gAtat ~ V01~~s t hoth fteaw paltotrna Intoi.e 'titrbo.twýChi tea,

wwre basedi sooin soljving the finite itrnvtto the partial d~ifttetntig,

softakra accuracy $itn-b Pfttk, part1ic0talV tin theteeon of sojlid t"1144ttaiost and shoc-k
wt@t'ea. oluiw C4An be ovrcaw y uwa of s-n tcalled is-aaeti rnntralvs t a
*timlolt Vethod 1s to diect-atlee the equlationsi Uvting a finite a1rea' nethod as
4escftx-bed "foiielally by' P W wMc-11ald (1971) for tadentnlfl w. j a ta natural-
esxtonsioat, the 'fi#ite volume' oethod for he-iinoalflow (Appendiw4 A).
MWncf dlssd' finite area teth,,d for two-diwensi"ns flow was relativelyslo ot* the
CreijaStr of the day, itue itaitly to) solvintg on ovr-aigisteAgoal elensetlts, it

wa lolimtited to solvino h IP i-eltsCtri~c dontitv - pr~os-sre reatoshp t mAotx
notionsk resu-lt Of Waiih Wag tMat "nIy weak shock-waves coMUld be asasdtd
J D tvntonh (1074) overca%4 thveseto I" -iet by uging a tsqimpifiedl orid sttrxwsr-
(te "Oshearlpd" gridI), StAbiliiwin the ptn*cV'dure usittg elsaindidtg eNd W~ewnioWIt
c-orrc-ietio Vectorsto Itarhlpvo groater acuayin the stvady M1ate, andinruin
the" iWaal ga#s equation ingiead of the isen~troiC ".Xitit'4, The result of these
innovation% wAg that engineering Aaccracy coo Ad be§ ahiblve~d in ecaptc~ale computer

of tot~al pressusv predicted.

It rag with, thin firoven capability, that the first amuthor emtbArke.d in 1*75 o"t
writing. his initial tiet-marching parograms for turboumaelsinery flows.

In the prosent tin'"r o0ly Oqflicit foriwilatIons of the equvations are Presented, as
"prsued by the cauthorsk. the owthsodw delveleped iire fror both, quasil-It) and full V1 flow.
Wlades are norma~lly designedl And ana-Lysed In sections, being esnaly20) withi
Allowance %ado for radius and stream tube heigh't variation,. The cosTlete VI) blade3
defittviots Is achieved by stacking these swtctbonmu from Nib to casinog. Ask wialysis
of the* blade is the,' undeortakwi to oxAteine the 31) nature of the nlow, %fhich ra~y result
in a ire-stack ofte Ow ctioAns, or their re-design,
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2. Ouasi Three- Dimensional (0-MD) Flow

* t In the design stage of axial flow turbines or compressors it is convenient to describe
the flow as being confined to assumed axisynmetric streamtubes, their definition be 'ing
provided by a previous throughflow analysis. The flow is essentially 2D but c-nfnedto a meridional stream-surface (defined in figure 1)# wit.. the expansion 0± the stream-
tube described by a parameter h, termed the streamtube height.

The equations solved are those of Inviscid flow, expressed in conservation form, for
a relative frame of reference. In addition for convenience the unsteady energy
equation is not solved, and instead replaced with the assumption of isorothalpic
flow, thus; j+_f &--U +1 4t ¼u 1&e"

prW. jh( f hP+PWb

This atelOf eq'Udtions', is Closed0 by COatbt~in the Oner~jy WWd perfect 9a44 aies

Th@ relative ota teZhprauhre islan qw y tnse"OrfltlaA of rnthj*Alp S 'o"

~o~tectivelv Mwt a AN (TIV.e Itrativo f'AU#S-Is)o, ian far~ sis4ilictyt tvt4hal
n tOt; thef as~ TtItXA 1, 2 4tnd 3 The ai t44, h ft~t'ý f art 00 is a I4%t ' or- 'she'ared'

0;r three ih the relatived tra*e (ftloure ý. sbsss, fOr a left h;Ode set of rdoe'
floigtosirnal tuttt!.ssavbhwfy pra4ctice). *41ab htAs ibe great virtue "ftil~iy

and Is4 a4eAoteA f" nstl practin'a#l prhofleas #.sndeary 'menerttlo4;st have' tv bev apfl4ld
fOr AIýZhStA Ml' a-d G4 ate 1the upsturea peritrhie orr*t ttg yOtaia CU a,-.)
If thedaflttan nntaintslbe arv qq%:stised at *ach ftorerdical fgrid

Cam r arel sE6 id NY111tariag *here flee taanc 14 enfotecsd for AO ILulor
fosnuLsAtitwi of the eT-iatloftLs, -Ar .realp'f a Naiovtc is elstou) forn-slatio".
At the upetres:% plane AMt thtee- cent tans"ar nocnn the rVlati#Ve total pl'ossalitr

and trvertureand ithe the frlatiwe r1-v #1W16 tot subs;Onict flw*r t~he relative
*Wirl fo1dt r VAtuporgmqic flew*. bOiM0tr0A IUK just h"s a PIttltvit4 C'Otattft
static preSure "pCie led,

In the nres0en fottW41atlon the chatvnct fort erpatloni 4 4re evaluated W. fintite %'Olt~fl05,
by a,.Vdcat~en of Cause' thooross, as iýdicated is, ppendiw a.

So~luthci; Meritlm-ts

11V method iS ease94tiMly basegd 4M Deniten's (1Q74) orlinattl Coll uentred Itchem.O
Pinre 2.-1 stras A tYPic-al el40e"t 12U4, entendIngOO two (eual) Plitdbiwis (A) grid
q;ACintga, and Overlappir. half of tho a4join~n i"O n.Che it) the 'cciett-vaticn
vawriables are obtalined at this controfid C o)f 1234 lby ifitsite volue rmethod (A4vendl Ii).
With special trastamt1 fot brunday e*le*Mnts. AerodnaaiCi at the. Point P (iotetfLgry
far flux cAlculatiitflt) &t. obtAined by tecond o"rd accurate iat*rplatian formala.
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from the cell centred variables, but to ensure stability pressures have t . biased
upstream, and density and momenta downstream.

The scheme tends to be robust but unfortunately ALtkows no reverse flows, leading edge

problems being overcome by use of a cusp.

TITAN 2 (1979)

This is a scheme similar to, but developed prior to Pent.n's 'A' scheme (1962). It
was devised in order to attempt more accurato -,luriOns without the need for more Mesh

points, or Art appreciable incte.ýse in computer run times. Spurious total pressure
change4s are more satr,- .5-L so-lid boraies due to the calculations being essentially
one-sided, and ixceo..i-c gcnE•ral.y The largest gradients of the flow variables occur
at these Ntenderiý *T.h-e troatient in TITAN 2 provides a means of controlling the
accuracy at ¶vn- ixbundary without detrimentally affecting the rest of the solution.
ThO is achlcved; b"y 4silatoei.,,iit the isentropIc distribuhtion of relative total pressure
on the wall;, unUless a A-ýicntinuity is detected (Appendix C). The algorithm of
TITA?; 2 is isn- "hit limited amounts of reverse flow are possible, and the neeo for a
leadingh - c•.s• p if. removed. Unfortunately, the algorithm of TITAN 2 cannot be
ancnd-'nizý three-dimen.-'ons neither is it acceptable for large amounts of reverse flow

;r.s Inse present in boundary layers.

The chembe is node based using non-overlappint elements, such as 1234 in figure 3.u .
Thq change t density at node I (iýj) is given byl

an4 the ettage; of k0orr 4 (dn tedy IF, belaw) at ndod 1,) it stiiett bye

wIto 'petavkl trematsslk freturei ltttt& The 4iffereilt treAaftme oaf 4Denelty "4d
ItisVnta $it in Orser to em-ett statblity.

4as blae e lii hhi h brl ndn with it hiipser PhYtidt t ll adng;
adtheit ~tiltri~tivrou ;" thea nedý for hig~her aVccrAc1-At in anlyistwhlds hearO'4V!

topret. Inat~lt~on thke neeý ýt' the ale to CV3#Vtputq revessa flows, turttes
40tieolerat§4 theio tr~.to of aew aris-.TITAN -1. Wd-- prtvidoe tnoe~~tt
oqcuracy. *4 t14stedist aih ncdwtcruo tiaw,

$4or 1et;4gi~ aeaOM"st* ieste tae. i si t1weed a:nd emPloys a

variobles.. wit.

SQ jAt q. RAt" (" 9

~dit~ietln t equtloh ý ionto 4. with A ch4-noeo' Itn Teorder of ife'elt ~ o
(ibl itil thw neat- ester Change deo4vted "AV~)

V--AV) - (t 14AV)+t¾Wtb1v494 9 AV)A (SL%

Ith& TomtU AC Idirld Steo jacabblkns. 2Md are cimply enIttfN*Ctions
of ifOWnr~tn~~n~. Co%*I4er the OrId sheen- In flrmi&r- 7t.3, theW (Pet tt
chang 4t C for oeleaott 1,2t4 6~j*,taviduite tv. fini'te r~lfqr at! SitinlartO ',t A. ft. P.
Tku first ordter eteange at "040. 1 1- then1 t~sply Z"'rqn VWt' n Mt~@of thet chajtgqs
at A, a. C WWd P. The second afder Chanoj for node I it evaluatqd from thea 916""tt
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ABCD, using the previously cal:culated first order changes (AV A,BCD).

This second order change could be evaluated by finite volumes, but in the present
formulaticn-we choose to save storage and use finite differences. It is also advan-
tageous to introduc.q a spatial marching process, whereby variables are updated in
axial planes, Thus in figure 3.3, :for element 1234, the calculated fluxes use updated
variables at 3,4 and old (previous time step) values at 1 and 2. Thus one complete
iteration involves marching downstream and then back upstream, introducing a semi-
implicit natture to the scheme. This ensures the upstream and downstream boundary
conditions are propagated quickly through the flow field, hence speeding convergence.

As given hy Ni (1981) rapid convergence can be achieved for steady flow problems, by
use of the multiple-grid method. The calculation mesh can be decomposed into
successively coarser meshes by deletion of every other grid line. Following the
update of the variables on the fine mesh, further time steps are taken on each coarser
mesh. Even faster convergence can be achieved by using grid refinement, in
combination with multiple-gridding.

Gereral Features

(1) S~t.ndarv Lavers

Adequate !nc-lus~on of the effe,,s of boun'dary layezs must be achieved fox most
problems, and in the present methca a "trat,7pizution" technique Is used. The
usual inviscid-equaatl~ons are solveo, tut a m~odification to the solid and down-
Strtuam periodic boundary conditions are made due io the presenc~e of the boundary
layer. Fiiuro 4 shows a boundary layer on a blade ?xixface (calculated from the

* inviscia velocity distribut-on, -it can be seen that a txanspir~tion of
normal viomentus (pW), - J ((,.V' -1 &WA refers to *he slip (inviscid)
surfa-e miomentum, sAt~shlle- Cl t. cont. ol volume. This epprotch has
the advantage over -hu ii, AC *, in that the computational meshn
does niot hovo to te mo,' .. he calculation.

The coding ,oas hoen ý hat s~cvc7 .int btiundary layer methods,
both intearul. and f v - ce can tie t: s-1 i'nt'na1 Methods bovi the
great virtue of v4 ~ whtih~t t'_' diftearonce mehods can
allow the incluxi. O-t:-CO *,eAR as itu ,'.

The teehniqwo a'.*. 9ete t u,,141 rapid boiundAry layer
Oro~wth is 0030' r ;'esvparAtion of 0:-- - layer os 7=pretfiax
t'lAci, 4uCtior .'. 7:~-ternat~vc "inv,.- e. 4* ha, not so far hoen
Pursuqd-d

(2) '

For turbi.n . ' .'r.' uecdi Ion F %Attifi-o'

by equal to. I ,Vcj circe1 blound point#..

'~. '~-,.'u-..cz ~... ..... t 9olution nlixnQ C~kcul.%tion is Carriod
-. ,~ S ' '. ~ an~ Ths iluc~sthe4 Offectst of hase Pteesure,

in al~1,5 diosmwtv4M4 werae it i# a55asum Contditionss

V*Pe "I. low _-#sch1111Wry itu~m 1s Is onveiggl '.0 N&o v .s e ,juatlono 1-3 In

a ayliswc ral Po)l - got of t.t' iae. Tut In thea Obsolute franc UV" havot

V11t-e the umets ;t~siogneed *A,' cohstltuýOth thtirusr (Invinci4) eqautioe.ig &Ws 18 the

Oddtllonal CrM* due Wo viscooity and 49a emuction, with

9.0

""5"
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Equation 11 is expressed in an absolute frame but generally we are looking for a time
steady solution in a relative frame (i.e. for the flow in rotor passage), and thus we
make use of the following relationship for U.

V = (It V+ V )

Combining 11 with equation 12 yields

+ +~ GnY +) 4-

Equation 13 is solved explicitly by finite volumes on a suitable grid. This consists
of radially stacked Q-3D streamwise surfaces (figure 2), and is shown in figure 5

hagain shown as a Ui set for convenience). At the inlet surface the boundary conditions
-re distributions of absolute total pressure, absolute total temperature and absolute
swirl angle for subsonic flow, or absolute swirl velocity for supersonic flow, and in
addition the distribution of radial flow angle. Downstream the static pressure is
g.ven. This may be input in several ways, including a complete specification of the
distr~bution i" allowing the solution to satisfy simple radial equilibrium. Again at
solid boundaries (blade, hub and casing) we enforce tangency (Euler) or no-slip
(viscous), and in addition, a wall temperature or gradient (heat transfer) distribution,
if we solve the unsteady energy equation.

iAIhLAN (1978)

This is a three-dimensional version of TITAN I which is based upon the original Denton
scheme (1974). Only the inviscid equations of motion (designated 'A' in equation 11)
are solved. Although inviscid, a loss distribution can be specified which models to

some extent the total pressure loss associated with the presence of boundary layers.

Multiple-grid techniques (similar to Denton) may be used to enhance the convergence
rate to a steady solution. As with the TITAN I code, no large reverse flow can be
calculated ani a cusp is employed to alleviate leading edge4 problems.

TIrTAN - (1084)

In a similar way that qtasi-3D algorithms developed to meet new design requirements,
so the ned f•or an improved 3-f) code became apparent. TITAN % is the three-dimensional
counterpart of TITAN 3, but extended to be A full Navier-Stokes solver, when required.
0n similar atidon, the change in the vector U over thle ti.mo step &t is approxixated
by taking the fir*t two terms of the Taylor series expansion.

The equations are discretised using fi•ite volumes for the first ordor changes (AU),
and finite differenes for the secotd order Wanges, To speed up coiivergvetc a gA J
refinent technique@ is used, and also a ppatial marching process, as notlined for
TITAN 3. In variance to the 0-3D, if boundary layer inclusion isi required, then w"
solve the full Naviert-StokeA equations (A And B it) qqu•ton 11). This nacessitAtes
the @ocal refine"ent of the grid itear solid boundaries, in order to resolve the flow
gradients. AlthoUgh this requiros many %ore grid points, and hinev increases the
cosuttooM overhead, it should ermit the cai1culation of blade loss, A Baldwin
and UoMAX (107$) turbulence r^d0l rsi, rprtd withi A specified start and enfd
Of transition. The unste4dy @e'nery equation allo0w the prdiction of heat tra•tfetr
at the Walll, but in cortin instacets (Invisaid, censta.t rothalpy) it is not
"sov44. which not only saves compter tine, last re~scvs truncatcion errors.

4. CnarenitTetRas Itaj

(I) •t _esults

The exAtle pro•nte-l is of a high exit angle tip WV mid stetion profile. tested
in 20 CAcAVde at AVA Gnttingen superrsonic winid tunnel (JtASPO, lOTTE. V40
Cascadti 0aeiisetry in sthosun in rifnre 6. Th~is wAt tested over a range of @Kit Mach"nubers., for wlites pressure distribution, sbhiteren aro do*tstr@Aet traverse war*
coll ected.

ror comparison purposesx only One *wl! "Ach neateor Caseo( 0.99), at desion
incidenci is proeseted. tioth TITAN I and 3 were run without LoundAry layers,
attd the corr o ng Mach wunt.br disttibuttLons are shown itn figure 7. together
wtth the Lsentropie test points. The cOmputational grid used tot both o*e the
s-awe, hatting 20 pitchwisw and 33 blade ealculation points, It can be seen that
TITAN 3 predicts tho distributio .well, apart frot the osverahoot in Mach tabser
on tho suction surface (which could be espected without boundary layer inclusion).
lm sun time for TITAN 3, using muttiple gridding, wa less than half that for
TITAN 1, for the r•ef• . cnvergence.

Ainther Use Of the lrTITA. A pv; ithis time for a Ore0rfS~ example is
presentd y Lealsi. and Seyb (11966).
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(2) 3D Results

Some of the results of the three-dimensional calculation method (TITAN 5) are
compared with the test of the flared RD turbine rotor cascade described in
Camus et al (1983). This cascade is planar with one end wall flared to give an
increase in the bulk flow area across the blade.

At the time that this calculation was performed the turbulence model, indicated
in Section 3, had not been included but nevertheless a viscous gas flow, at high
Reynold's number, was calculated. In order to model the planar cascade, a radius
more than a hundred times greater than the blade span was input. The grid used
is extremely coarse for a Navier-Stokes calculation (18 x 20 x 64) but the grid
spacing has been chosen such that the finest definition occurs near the solid
boundaries. As a result, large variations in the grid sizes of adjacent elcments
occur with some elements being of the order of tem times larger by volume,
figures 8 and 9. Some shock definition has been lost as a consequence of
coarsening the grid in this way.

Figures 10 and 11 show a comparison between the isentropic Mach numbers at the
blade surfaces. In each case the isentropic exit Mach number is maintained at
1.2 and this accounts for the calculated peak Mach numbers being different in
the inviscid and viscous cases. The measured static pressures were taken along
lines which were parallel to the lower wall, whereas the calculated values were
on the mesh points shown in figure 9. No attempt has been made to interpolate
either result to obtain exact correspondence since only general trends were
required %t this stage. It is expected that the calculated viscous results would
be improved with a finer grid, and with the inclusion of the Baldwin and Lomax
(1978) turbulence model.

In order to show the extremely complex flow patterna in the region of the cascade
walls, cnIculated 'streak' lines at .12 per cent of the span away from the plane
end wall are shown in figure 12. Major features slich as the 'saddle' point
upstream of the leading edge, the generation and transport of the horseshoe
vortex and the movement of the fluid from pressure to auction suriace are
apparent.

5. Discussionl and Futurle WorkS

The need for bettor blade analysio methods has prompted the rapid development of both
quasi-3D and 3D time marching algorithms. TITAN 3 and TITAN 5, although much more
comp)ox than the previous methods1 still produce solutions to comparable prohIqems
in less oV similar coMputer run tir9s. Computer speed and storage have also
advanced, and with Ohis it has beon possible to analyse problQe's li =,ore detail. The
use of finer meshes Also decreasos the spurious entropy changes (manifsted as a
logs or gain in total presoure) present in the final solfution. In additimn fife
mwoshs are the Only wtay to resolve N4all scale f•atures of the floe

VVigure 13 shows th, o eovetlopnt otf coMptational methods by the authors, and poshibileq
future work. Calculation of' 'steady' flows isa W-ll in hand using the axislting TITAN

S7'4 1' 1'•

~odel. prdo m nantly TITAN 3 ahd S. It shold•' owvr be eP• a si#d thtl particular
solutionl algorithms Way not bo Optirturt for every flozw roblns, and thus ontt
reapp)raisal bec.ones necessary. For instancev it roy we 1 he tt 1r to 'isa An igplicit

formulatoni the boundary layer regjions. Cutrrent @torrltoi directed towardsl
reasonable loss* caclt as nd undersiendtiug loes mechaiss suhAs the4 flow
arvound trailingo edgoo. Time marching huwswer Ot~ter the poksi~bility to calculate
timeA accurate unsteadty or periodic flo*s. Pro~bably the "ost. ohvious unstelady 1pirob~le
i§ that of a rotr-iserirlation, 11ither in 20 or XD, and thlis isl curretly
bltistc addressed. xutur woek will cuprt aily be ajtime At trying to re~telva 4Oaller

scal strcturs, ad to tack~le the probl.4ms of wUstoady flow*.

W Poole for help) With the :10 predtictionsA. The autht'rs wish tW esreesO the4ir thanks4 to~
Poll#-4oyce for perntiss~ioo to puiblish thist papar. The oplinionsi esplrcsfod are these of
lbS authorso anW do Vvet necessarily represent those of ilollsk-ieyc..

Heaenal, P W flth@ computation of trantoftic flow tlhrok~gh two-dimotionafal 04a
iturbi~ne CAsteedes.

Dositen .1 0"A time ,sarehiitg sethed for two a"d three diinawnsoal blade to
blade flew'. .
Mere. Pins. Co., Ut & N 317", 1014,

Dosutn, S iatOVed time aatchlnO Vethod 1-Y 1%'tt*Aa~twiu41y Lie'.

"M0 fl-OT-239, 1963.
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APPENDIX A

The Finite Volume (Area) Technique

Consider a model equation given bys

expressing the conservation of a variable I in an Eulerian frame of reference, The finite
volume method makes use of Gauss' theorem to express tho volume integral as a surface
integral bounding a volume AV.

"where La it the outward unit normal to AV. Thus the tiae derivative aY We vvressetd as

The HeW at A tin* e N I'we ito.1 rolatod t13 that at th4e previou# Itiaw lovel byt

-- (4. ( )

4.Lti~~t (BI

of, Q11) 1twiga
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___~ ~~~ P~ + ý r...1sei +

e (angular! Momentum

Wlhere the .5ummation is for all sides of the Q-3D grid element, and the fluxes are
p~ositive w.r.t. the outward normal, the elemental volume AV shr Em 8. and the overb4r
indicates a mean quantity at the centre of the element.

A fPPENDIX C

* Treatment of Solid Bloundaries- in-TITAN 2

In 2D) inviscid fl.ow the solid boundaries are flow streamlines, and in the at)%encie of
shocks the total pressure should be conserved alo.ng the blade surfaces. In Q-31) the
situation is the same except that the isentropic relative total pressure is a function
of radius only. Thus in the Vr-esent formulation the total relative prersure condition
is forced at bouadarieF., unloss siý increase in stAtic pressure ratio between node.s
greater than 1,3 indicateti the presvfice of a shoclk. In suich A case the total pressure
downstream (suffix 2) can be related to' 1hat upstrepamt (suffix 1) by the relationship

is now tiled to provitte thef new variaition of isentropic. relattvv tot41 pretsoiUV

distribution *it tini hlade, until Ohw mext shack io. detticted.
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STREAM TUBE

DEFINITION OF QUASI-3D GEOMETRY

QUASI •-STREAMWISE MESH
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DLSCUSSION

I. Does your grid refelircrne we'hniqtz use a fixed grid. oflu.x adaptive grid (whic is refine-d by gradients'
considercations)?

2. For turbulence mnodelling. yout are using at Baldwin an~d Lomna.- todelj. Dc you thunk %-ou would htave a better'
tnodclisaion for turbulenczes by some K, e w634~. and do you plan to go to r. -t models

3. In tho last figure of your paper. showringai prospective slew in the future, you are painting out tLarg'e Eddy
Sismtlation techriue in year 2000.- flw4o yea feet abot chose LiS-techni!Ws?

AutbWa Rep~y
'1, The pA id 1 fixed, with successively coarser grids being nisin'a by deletion of every other Krisi Iinse in al

dzrwtivts~,n starting conditions on a fixier grid w.t obtained bytsuimpl iie4w intcrpslatiott

-2. We' use the ialddwat and Lomas miodl because it 4s a _in4100 ORO and. Y.4 ldoculneats4 h the open litenrctr.
Certasuly therw may bv Adusniges from uitg X:.- v model. but tin Pln exist at pr"sen to iinplansent Wuha

Codalonuk ur codes.

3. We wsill keep an open mind and %v boa Usinp adevelop with rcjgard to LES, but usodtiaq vs cvrcaia

You4 have MCTywxtisne thet appl "id-sto tMa&opleWnnu4omIr alyes blade tw bl&4e pcsiitim' tihw. flow do
WIu wie he Proi4W" of 14t1tnwm ducu wutttizssc-;L ths vIul satus awe pndured by lAssmuuwsubulen iraausts n u

tIUnta pie4 ttuodelwIywIV

to Masker's Ilapiy

eerflly w c'til RD e~ ouso some sine (sa iowtl wwk.41 suh k tins by ý. nteaIý 01 40,uk tin Ith hoW Ve a

Thek rul &ttor rqewistsskans ibteA jrt'nsg a'tlss usgssfl bit V4 'r cases ,ki os i -c etaw tpls'
Cou-. ld tseia5 tU t$5 flpI~dkf wi Cisfl$(15heI

Aaa 10.tR - wI~kI x ' t~ tw -vM4l YM -lt4n OyW&O
kwsaei3ltotttassss eks tvihlaswtiv"debt~l y~CO ttts tt-srut

N'-Ov
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DETERMINATION DE LA REGION DE CAPTATION D'UNE GRILLE D'AUBES SUPERSONIQUE

par Georges MEAUZE

Office National d'Etudes et de Recherches Alrospatiales
29, avenue de Ia Division Lecterc

92320 CHATILLON (France)

RESUME

Les conditions d'existence et lea proprift~e du ph6nomane d'incidence

unique, bien co!:ques done Is cas d'une grille d'aubes supersonique, sont tout
d'abord rappelfee et ensuite itendues au cas tras general d'une grille our une
surface de courant de rayon at d16paisseur variable. Le cso particulier d'unr
grille radiale eat 6tudi6 en d~tail.

A partir de cos considgrations 1l eat possible d'optimiser la rigion de
captation d'uno grille d'eubes supersonique en r~duisaut eu sleux lea ports* par
choas.

ABSTRACT

Unique incidence phenomenon, well known for supersonic straight

cascades, is analized and extended in the general case of s cascade of a stross-
surface with weriable radius and thickness. The special configuration of a radial
cascade is studied in details.

From this analysis, it is possible to point out some rules for the
optimisation of the entrance part of supersonic cascades.

1 - INTRODUCTION

Cet article pr~sents une description g~n~ral. der pithnomenva adrodynamiquos qui opparaisseoo
dane ta Y68ion de captation des grilled d'aubes *uperaontq%1.4

Le c.mporteaent do l'Ecouleo.nt, bien ccnnu dears it caa d'une grills plane, sot tout d'abord
rappell sinis que ses consdqusot.s principales i Lndipendanct du domain* aeont par rapport a l'aval, at
incidence unique. Ce rappel qui comports unt analyse qualitative ds linfluonce do tL g|otri. do Is
zone de captation de l'aubeag eat nucessaire avant is $dntralisation au cao d'uo coupe supereooique

d'une rout fixe ou mobile sur on. nmppo de courant I rayon variable. LA cam dWuo grille radial* I tt.

choist pour illutrer cattr generalisotion.

L'analysa des conditions dxisataonce do l'incidenco unique Iansi qua l'infloonce do Is forisw 4a

la rlgion do captation sat conpl~tiE par lop scbhdas deo die4afoats tcoulemants posaibles.

Lea consid4ratitons *Entralot analys~s. done eat -ttilel peruattest do dduirs do. dimrsooia
pour .I onceptaion dr profile daubag.e euparsoni4use preensant des parts 7duitt".

2 - HYPOTHESES IT CONSIDERATIONS oI uM SwL

On ;o;jid~re un 4cougmnt pouanent relatif a me Srills daub4 (reparv sobil. * I trille
tourno, report abuolu ei Isaj-r le ea t fx '

La virtses (relative) au rayon donar#e doe Is grills eat ,.iersoemai et $ a stie as •
normalo eas "Wo-Wu.

11 eat indispenseble pour Stayer lis r- lxnemante qui solvent, do se r4tftar atum tlgese dl.
couront da 1l6ooulmesnt "unitforme o. 'natural' q! etablitratt to absence do tout atbags en suppooamt

one ualtforitt aztiwtal.

Pour 1'14culaesot plan, a** Itgasta d courent ooit dos droita. parallIlae tra el.e.. Im s
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Maja pour le cas ggngral, ies lignes de courant raturelloa .,nt courbes. Ia V~itesse et l'sngte
* &eoliiant en' fonction du rayon, leur Sfiomfitrie est d6terminke par lIa rdaolution uie .'fquation de conti-

nuit4 at de conservation du produit e t Is prise on compte d~une fivol-Aun tranaversale connue de
1 l'paisscur de l~a nappe de courant aisina *ue Is pr6sence fiventuelle de pertes au sete du fluids, simul~o
par example p~ar la dounnfe d'une 6volution a Is pression d'arrgt.

3 - RAPPEL DES PARTICULARITES DE L'ECOULEMENT DANS LI' CAS D'IJNE GRILLE PLANE

* ~3.1 - Indfipendance des domaines amout et A.val. Ef fat du pas relatif

Bean qua lIa composante axiale de Is vitasse soit subsonique, lee perturbations qul proviennent
*de l'aval et remontent l'6coulement soot arrAt~es par l~a grille si las aubas Bout suffisamment

rapprochfies at si l'4rcouleament reate amorc6.

Considgrons, an eff~t, ine grille piano "tronsperente", c'est-A-dire conatitude de orofils
plats Winf

t
iment minc.ts orient6s suivant la direction do 1'6coulement incident 11, lIa compsoanteaxiaxle

6tant subeonique.

Cetta dernitre cooditic-. izm.ltque qua las lignes de Nsrh (ou carat t6ri t iques) montanteg, dont
I'angle aver lea victaur treauso V est A,- B'. .Ca out inclin~es do plus de 90* par rapport A l'sxe
at ainai qua toute perturbation falble Lboue d'un point P du champ "remoote' 116coulauent dans un sectaur
angulaire (C) limit6 par les demi-O'roitae (4 90*), ( ý. ' '(4 ) come cola oat tndiqub Our .A figure 1.
Lee perturbations provo!nant de l'aval et qu. remoritont 1'(4coulement jusqu'a l~a grille en ouivaet lee
rarartgristtques C+ Inclin&-a de l'angl~e ýV4 . qt par r:pport A I& normale aa front do grille, Be
e6flfirhissent lorsqu'elles r-ncanrrent une i.vot do Vsl'aiýte-

/. a* M '.

'U Ma

Vh <b) Pas st~i# gWWm

VIS. 1. MAT~1 011 Mt~ RLATIV 1111 LA, WMAWX MCE L*3'~ PMt MNIOT A L'AVAI.

111e0 *@ POVOeAat Atelr* 1tfAVef1#ra 14 ArtIaI 'tU4 On# " .ooneair VV1 dant sIa'Vxsenco ea4t liko
OU Pe4. do I* grIlleI. tU api)*fraq skino que I'44Lqulfeoont sauce Ott xt~ilooate lfw4peadaet du 444als. oval
at to poll fol~atU dd Is #eI~ at fufftidemt rtali..

04na vo V44. It ada" VA1*iseieof1 *Wwrv quo #0 saute emspat. Uo I'senradw do lsatttt..
tftatriaa Ootfo It band d'*((*que A' at to point 4qdo 4vst 11 do to raaenttq A ntsetor f.4foot pea
to P'ad daeeaquo A- 40 14a0a0 04fevurva a Ume tnletwvs~~ paissibl* sesT Wa daaaa 44"t (its. 2).

11 s4a si t tohait qua a fae aa itt"iu 4. 1,a 0#os46eio 4k alubr Onoaval dan11 WC &%I aeuo teft sOn
14COU1i40041 .00049- s41fti P&I'#~~ 'jl faetaeidaoe sIt eseatolowa Ind4ra0oaut do Ita lNruo do, lntotA4A ot4

C,
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3.2 - Ecoulement par oaodao simple*. incidence unique

Le ph~nom~ie analyad cl-dessus laisaa entrevoir qua loraque l'Scoulement A l'antrte de la
grille eat supersonique at amorct i1 n~exiate qu'un seul rggiae possible I l'amont compatible avec IS
prof il de l'extrados de l'sube A'8' pour un nombre do Mach Ml donnfi, ou bien pour une vitecoe de rotation
doonae dena I* cas dlune roue,

Blan# le cam d'un extradoo A'B' plan avec un didre poiintu au bare d'attaqua, il aat bien connu
que l'6coulement incideat eat uniforraa ai qu'il eat paralible A l'extradoa.

Remarquons qua l'&coulemant #moat eat: rfigi par lea lois ilondes simpleatm Von nigliga en
premi&-e approximation l1intensltt d'6ventuelles onden de choce puiaque lea caracthriatiques deacendantes
proviennent dVon Acoulaeant uniforme M, . ý- A l'infini amont. Cel& signif ia que lea caract6riatiqu-is
aontantea, sont des lignea de Hach at aont donc, rectil iares.

Cc rlqXut par ondaa 9iiaples laueure jusqu'A Is caract~rtstique C- issue du bord d'attaque A"
(fig. 2) at en particulier l'Scouleuant our l'extradom na dUpend qua de Ia panta locale de A' A C'.

Cotte ralarque pormet d'Atablir aisament It sch~ma do l~coulament dana Ia cea od I. dtpart do
l'axtradom eat de forma convexa ou concave avac ua bord d'attaqua pointu.

Cotasidtron la c'ý dtU., citradox conVeXO (fig. 3) at prenona l'eameple d'une grille semi-
Intinie alimant~i par un 11coulament A P1~ )alinfidl emont.

Seleci lea valeuas raspectivem de at N, un choc ou un ftalceau da dhtente prend naissance
en Al e n akval do A I I dfvelo~pp une ditenta par onde simple. L~e long de 1& ligne de Hach
BIA2, l'lcOulefant a Ia direction Pa - Son notabre de Mach eat plum flev$ "u juae en aval de Al.
En A7, il y a adcasuairimout apparltion d'une onde de choc A l'oxtradom puiaque F,. P , de mlme
en A3 at pour loa aubes eulvantos. Ll1coulemant amont eat ainai traversE par tine suite d~ondoa da choe
at de zonem de dttento qut asortissent dlaillaura leam Oche au fur at I at~eure aue Von iefonte aura

At ~ N A3

N A3N

At"-, 1 N
NN

rit,4. $am Nwnwi An I

t6n IUTAW (~ u UtrAVo1ocv tg )o eruaIam.srcuedclen ~

seatqua as llaceux ~e t~iI~~iC~~usdee urd.dattqn.alor qualea adt daeoc ptovatwan
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En route rigueur, l'inteneit6 des andes de chocs nat pout pos Stre nfgilg~e au voisinage de la
grille mais elle dolt 6tre 6vanescente quand on o'gloigne Yers l'sont, pour qu'un dcottleaant soit
possible. En of tot, si V'on considbre tin tube de courant passant done tno Canal interaubo donn6 il
traverse tine suite do chaos at los portes qui so cumiulont doivent roster limitfies.

Il nly a pas do daconstration simple possible du priocipe de l'incidence unique I cause do Is
prfisente &e ca8 coboe, mais on conceit facilement qu'apr~a un nombre limitf de canaux s'gitablisse tine
.4-iodicitt do 1'gcoulement et qu'en remontant vers l'infini &sent on retrouve un ficoulemoent quasi-
uniforms eont Ia direction Ocet interugdiaire entre ('A et 8

Le point B variant solon le nivesu du noobro de Mach, cot angle a~yen ('4 d6pend en t~alit6 du
Hach Sayan MI.

Los mathodes de Ia I exactes coot irmont parfeitement cette analyse et snot indispensables
por gerieri rltion -, ; l14 i ne premiare approximation qul eat eapiriquement biem Vhrifige

consisto A admettre quo l'sngle ý,de l'6coulemet A l'infini amont eat $gal 1 1& demi-somac des
angles (A et '

line seconde approximation consists A determiner i'incidence unique do l'Scouleaent amont en
Scrivant d'une port I& conservation du debit, ot d'autre port, Is propri~tS d'Ge0oalement par code simple,
entro 1i.1fini about (MI) at Is ligne do Mach montante WlA2 (fig. 3).

11 c *Aent ict dlftoblir uno remarque importanto sot 1& conception dos profile d'aubea super-
soniques,

11 ect bion connu quo iii Vonn somhaite une compression per choc droitt celult-ci no pout itre
stable quo d~an uno portio dlivbitgente et il Oct a prio'i1 inttressant doe ainuipiror des techniques d'opti-

iseation do. prices "ailr supersoniquets. On pout 41ore distinguor dou-i types do profile solon qu'il y a
1,a 000 "c--pre_. An interne", a utrweont 4tt nelun quo 1* cal (at, section minim~lo) mo situ* A l'entrge ou
I l'int6risur du canal ifitersube. Malhe juuosant le pria-ipe do Is compression externe qui a pour but do
rsjontir l'4coulement suporoonique antre I'amont ot Io col situ$ A l'ontrgo du canal intereuba, just,
svant Is formation d'un ot it oroit dont llinlon.4'kE oct riduita, no pr6sante pas d'intGret dana e CIsa

*doirgr'lies d1^ube, suporsoniques. En offrt, per dafinttion Ia compression extoree "ottoopgad a upn tube
*do coA~rent divergent I portir do Is section dentr6a du ca~nal intaraube (fig. 5).

A2CI roer~sooto 14 section d'r itrie iu casnal interaube.

iot 1'cnsle du dJ&d,- do bard d'cttapuc.

fig. S. SCREM4 IWUIE fi114.E A CORPagSSION MTURNI
A, A

W"iilut or' do It A C1 pout cotaeotaipdr ins % neA" 4.. compression Isentropique tocashitc~
ou rcan on AZ oti biea all* pout c~oportor tie didrt i Seast u"o ends do chot obl~ique peassant par A2
ou tt Poo o-1 oval,

tiatc. Is too dluii 4coulteseni patsiq-3avsnc bidiwasslouanol puloqua Is &action doit crott~re per
4&~titetn, et. &Val do AICI. I'aulle as. Is pa rot do Veatradat **. *v.1 do 01 dott alcesace-

ta5? r fototincur -

Uwra~quoecs quo at i14couleusmst eat convotganc trottavvsoleowat. ttglo t A eact 5 fot ttorl
plus Petit. ?or Contra ci ii4coul..ont oat divergmnt, catte condition n sierat plus toalgtQ~t -A par ~
c~ontr o Lu rloctisise~mt do I'4toe~eeant mecomptA 0o at..)ss do A301 seae *Iota fottaesoct att"bu vlt.

11 eat clair qua, *a ftmot at A2CI. sou#t roesons on prtsast' d'.is tculsoont pat ott4loo
tiaplot %$Lt s'll *hbisto unis and. do ctaw iue, SOUt IA hafacohltatiina, cbat h to pr~asoca 41u4 0440r

ant", 11 at Cj. I" elfat I'intoomMt do cotts coda do chou s.@ tileassaitasoat foible piatsque It
t4S.4teil J correopoooStto dolt itte tell@ que Is t~lot~oni, du elioc as A2 soil Possible f catte
cendlitto alicrit i dAVtAttoe U8110j Co1tW04#0*11t I W1,
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Dana ces conditions il est evident quo, quell. que solt ld6volution du profil entre Bl et
Cl, 1e nombre de Koch I I& paroi. en aval de Cl sera ndcessairesent plus Gavev que MI puisque
Ilangle do "Busesbn" aura globalemant auguontt. Cola condamne toute posuibilitG de compression externe
unique ;il est &lors oncessaire d~utiliser 1. principe do la compression interne si i'oa souhaite former
une onde do choc droite evec un nombre do Mach inf~rieur A celui en suont do is grille.

3.3 - Influence du bard d'attaque

Considgrons tout d~abord on extrados pint avec un bard d'attaLque pointu (fit 6a) ;la presence
obligatoire d'un dildre donne naissance A une onde de choc oblique foible, attach#*, e~ l'angle du diadre
eat infirieur A la d~vistion limite correspondant an nombra de Mach local just. en amont du bord
d'attaque. Dana 1e cans d'on angle' sup~rieur (fig. 6b), ii y a foxmation d'un choc courbe, d~tach6, avoc
apparition d'une zone subsonique dont l'Stendue West pan n~gligeable A l'intrados. Le d~tachement du
choc crie nusni une zone sobsanique beaucoup plus iiait~e I l'oxtradoe, La brancha supdnieure do l'onde
de choc, qui resonte l'dcouiemsnt, slattdnoe oasex rapidesent pour redevemir one ligne de Mach, Maio
interagit aver le domaine amont ot a pour offet d'augmanter l~g~rement l1angio d'incidence unique,
c'eat-l-dire de diainoer 1e debit.

M<1 .

(P M0 .<~~

ViS. 6. EFFE? DU DISDAR DE BOll) WATTAAQUS

Dan@ I& r4alitd, on didre parfait West Jsaist riali@E, mats iU exists toojours un arrondi do
bord d1attaqus (fig. 7) qui donne lieu A on choc dltochi even Una tons subsoniqu* tris riduits qui reta tt A liAcholla du rayon de bard d'attsqu*, sauf pour doe nocioras do Hach tris proche do 1. Cs phinovons qui
n~a pratiquement sucuo at let done to cee oO IlangJle du dildra tot suphriqur I It deviation limit*,
modif te Is configuration doen le ca" contrairt. Lee principals. consiquouca. soot is. suIV64tos

a) pet reipoit&h 7. WIT UZ t'AUNDI D9SIMD A??AQUE osl

pdooce d Is artl 4a oode4a c" d~acld d ao dort loeyoeii Nw pour d~es qriseta clits raos,

b) I brnch extne I&$ril* ttergit "c 6o aiv at grillen Pa~q ssle dcft fbi~c uniqueg.b

41atuque~~~d arvoad. *tscle root voabeaootdeodoo LM
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C

~57 Fig. 8. EPPET D'ONDE DR CIIOC DETACHES

D'une fagon ggu6rale, i& pr6sence des ondes de chocs dues I l'dpnisseur de l'aroad~i do bord
dlattaque d'uno part, et A Is convoxitt ou concavit6 de is partie initiale de 1'oxtrados d'eutre part,
out ndfaste et ns prasente a priori nucun int~r~t. 11 eat pridf6rable d'utiiiser des profils nyant i&
partie ASB de i'extrados plate, ou plus pr~cisdment 6poosant is ligne de courant natureilo dans le cas
ganarnl, avec des bords d'attaques l. pius fin possible.

Lo principe dliacidence unique onutre quo cleat Is preatire partie de i'oxtradoa d'une roue qul
impose le d~bit maximum travorsant in runs, pour uno vitesse do rotation doonne.

4 - GENERALISATION AD CAS DES GRILLES RADIAtES

4.1 - Conditions Vinddpaudance does donaines amont at aval

Nous avons choist d'illuatrer cette gla~ralisation dans le cas d'E..oulements centrifuges qui
peuvent Itre souvent supersonique A l'entrfeo des grilles, alors quo coln oat beaucoup plus rare pour lea
Gcoulements centripates.

Considfimons una grille radiale constitu~e d'nubes infinimeot minces et Eipousant los lignee de
courant do i'Ecoulement 'natural" do ialon A annpporter nucune perturbation (fig. 9).

fig. 9. GRILLE VADIAtE 'TMMSPARENTE" "C

01 - At

Lo principa doexistonce do lincidence unique rest. tdentique ainoi quo le cooportemant S4nhmn
du phkaoslne blon qulil **it tompliqut par l'Ovolution radial* do l'Ecouiesout.

Una condition *uppidwontoiro pout appe~'ntttro par suite do l4volutton radial* du coabro do Koach
qui pout divinuar at dovonir subeonique cow- cola ost Is cam pour ine grille fIto..

La condition pour quIll y sit strictooent Ind~ponanuco do P'asont par rapport A l'eval oat quo
Is caractrisiaiquo &4 issue du bord d'attaque A2 renicontro lloxtrsdoe, do 1'au~be tnflrioure on tj
avant d'att*Indr*to 1.torlo a4 Is Phobre do M4,ch 4evisot soniLquc cow". dons to caa d'un. grill. fixot
(fig. 10).

A2A

a) PasMA" ViIuovoal wr aMo~t b) tnftus oval o~J ut adno

IPA&. 10~ t 1r J DU PS SUR LA UUZ4iCR D1.L'W Y PP0&? A AVhL WWDAMS LL OU FI

L'dCOabooaot eat 4ibm UlOqUi.

Zideoubenat avoat oo so pattictiltor son ineidemso no dipand qua da Is &6.Ittiei 4d Is partti
4o 11estraiguo A131 at O'use tosdition mount toll* quo Is uombno is. Marh ou Ua vitasas tsgogeatleti.
Lsto hiu dliaaidt~s unique 4gbiots teat quo Is w~ghw roots asWtd (obmo n oval do Aa).
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Si Ia caractiristique C+ issue de A2 rojoint le cercie sonique avant de rencontrer
I'extrados (-J , i1 exiato des caract~ristique' C+ issues de Ia ligne sonique qul influencent Is
donaine amont. or touts modification oval change Ia fortse de cette ligne sonique at par conasfquont 1.
domains amoot.

Par example, at Vlon balsa. I& pression aval, lI& ligne sonique aura tandance 41 reculer at le
d ai ugmentoro jusqu'k1 co que It point de rencontre F do 1 cactrtqu i2 ovec l~ Ign

soniqus atteigne Ilcxtrados (D . Le rigime d'incidenco unique sera alors 6tabli. On pout illustrer cette
variation do dfibit A lVoids du cao particulior suivant :comae Ie montrent lea calculs, la gloositrie des
lignes de courant naturolles reste pratiquasent inchang~e pour des variations moddries du ntiveau des
aojabres de Hach. Ainsi, does Isa mature oD la condition amoot correspond A uno invariance de 1'an~gle, Isa
ligne sonique resto pratiquomont circulaire at son diplacement an fonction do Isa variation do lIa preosion
oval P2 eat isiamont dgtermini par 1t calcul des lignes naturelles.

Mais si I& condition amont no correspond pas A one Invariance de llangle, Io dfiformation do Isa
ligne sonique an fonction do P2 devient iris complaxe. En particulior l'icouleuent a Il'oont do Isa
grille nosat plus "uniform*" &zimutaloment.

On remarque quo dons co qui prfictde In ligne sooiqus no co rresond an &ucun ceo I un blocape de
li6couleisent. L'spporition du blocage ntest li~e quIl l'existee du pit Rl. Par contra, dnon le cos
d'une aubo rfelle, ii pourra apparoltre un blocage prdmatur6 dO I un col interns 'Mai$ dons ce CA, il y
aura nficessairement uns zone subsonique avant cc col. En touts riguour, ii n'y ours blocage quo ai Is
configuration des caracthnistiques A 11sval du cot at rejoignont 1s ligne sonique eat indipoodante des
conditions A l'tavl.

4.2 - Meft do courburo (par rapport A 1'Ecoulement natural) do llsxtrados

Dona Is cas d'un Ecoulemont radial, l~a concavit6 at Isa convexit6 nWont plus do sons mobs les
phgnomines restent les imimes quo pour l16couleimont plan, solon quo l'extrodos eat plus ou inoins courbe
quo I& ligne do courant noturollo.

Si V'on considiro Ie cos *0 Ilextrados oat momns courbe (fig. 11) quo l~a ligno do courant
naturallo, 11 y a formation d'un choc oblique so bord doattoque, suivi doun gradient sour lextrados &yant
tondanco a1 donnar une acetl~ration oui bion uns moindre compression par rapport A l'Avolution naturells.
Le nombro de Mach cat plus 61ev& justs tn amont do B.A. quo dana le coo d'uo 6coulomoot naturol ayant
esem incidencee unique at shoe noabro do Hach au rayon 4dootrie.

. Ligne natureflo

Fig. 11. MPET DE COLIROURS REDUITS O8 L'aXTRADOS
DANS UIM ORMIL RADIMAL

Wangleoý do Vincidoenc unique oat Infiriour A Pengle do B.A. A 1'extrado..

Los nod., do Qhoc oblique* qui tasonienlt l'eo~ulosont awton peuvont .'inieesif tat (c&o dos
grille# filsas) at provoquar do* portaL tnuttles.

54 Il'otradoo tot plus courbi quo a Ialigno do wuorant naturolls. (fig, 12), 11 a formation d'uno
Mionte su bord dlattaque. soutv dound Coaproshon'a(ou douno soindre d~tente) pouvant cr~es uno foo14li-

ootion do# earactirlatiques montankoo at donnoer lieu A on chon oblique A 1lamont, La niveso du nombre do
Mach tot diminut juate on amoat du bord dlattaquo male l'angl* d'imoidenco unique tot vopitlaui A Pan1tl..
4u $.A. I lkontradoo.

Fig. 12. Ufff D4 OMMiIUM AMRCCRKWI 09 L'UURAM
DAVS LINt GAILIA RtADIALS

4.) inlfluence du bord dAtteque

Cotta influonca sot tout I fait stallaitse eat% 6v~sEotud fis Oujiant poory It cat plan. Moos
prcielons sauluamot qua Is prdsaea d'on dlldre pointu no #ltousts ea change tit* ats phinloela dos bloce~a,
toojoore Med A IloaoL stenet du point at saut alil y a on cot interne. Slit ssiste on chac ditactid do

6U point k I A ILntradoa (point 0) (fig. 13).



A2
Al IM<l

a) BA. pointu u.,ec choc oblique attach* b) BA. arrondi - Choc ditachii

Fia. 13. EFFEr DE BORD D'ATTAQUE FOUR UNS4 GRILLE RADIAtE

4.4 - 8chtm*v d'Acoulement possible*

Les ditffrents types d~tcouleuents qul psovent exister do fagan stable sout bier, connu dans is
coo des grilles planes at soot facilement trausposables au coo don grilles radiates, Maio it Pent Wte
inttressant de les prfictaer ici.

* Lee figures dtcrites ci-aprks r6sument Is* diver~ss configurations qua l'on pout rencoutrer
done uoe grille radial* avec bord d'attaque arrondi.

4.4.1 - lklgiae en incidence unique. Choc fort dons Ie canal (fig. 14)

* Le d~bit est fig&, I& variation de Is pression aval, "pilote" is choc fort dons le canal.

Quand l1impaet do choc C sur l'tntradlos atteint toa point D it y a disasorgage et Is d~bit vs
diminuer fii P2 usoGuett.

(. On notera qu'Ll pout exister on. zone subsonique sow 1'extrados avec on lAger choc Eventual

Dn& cc coo, qoand P2 auuEN14te, le point G pout atteindre Is ligne sonique en H avant qua C
gatiu . 11 nly a Lalrs plus do r~gime dlinctdeace unique. Is d~bit disaiue Si P2 augments.

01 CC Fig. 14. SCULKA 1 D'UNH GRILLE RADIALE IN REGIME

>ICDRC UNICIEqUILolu

4.. > 'ietssoiu

fig.~g 14. sew"I It W'UN GKIt4A UADIAI* All K3101MB
DIENSOIUCI (0511? <0 10*
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Los configurations dmaoorciea; sont illustrhem par its schisav des figures 17 at 18.

(Le "choc" Pont cooporter un. petite son* sonique pouvant aller Jusqu'k l'extrados) (fig. 18).

Fig. 17. SCUMIC I Dt UNE GRILLE RADIALE EN REGIME DESAIWRCZ

Fig. I8. SCHM~A 11 D'U1I GRILLE RADIJLE ENi REGUME DESAXOIE

4.4.3 - RAgime bloqui par col interue,

Deux cas peuveot so prisenter

- olt 1. col. Interns tot plus grand que Is *action critique cortoapondant A lVune dev configurations
ci-deasus I lJA limits do diinasorgago,- dens co cas, un# couliguration aaorc~e (compatible a'qac acl
aitablira, at raster& fi 6. taut quo I. col. aval rasters amorc&

- olt 1* col aval ant Imf~rItur I Is inection critique correspondent &I&l~ configuration AI& la imite de
1'auarlagat 11 towplcho alora It dibit maximum do #'ttabltr et force uno configuration dimamorcde. Cola
pout *tre it c&Oat ml pl'Epimur do B.A. eat rolatlvemmnt trap importance ou a Is 41. dre eat trap

* grand.

Doux configurations do r~gime ddlamorcd at bloquh pouvant Stra imagindem melon que I* choc
ditach$ rojoint ou non Is ig~nt gonique ontro lintradoea t I'ostradoo (fig. 19 at 20). 00 Rotors enl
outre qu'una petit. tooa suboonique (spat. ua Usger choc tranagoonlque) pout Aventualloamat *xiotar our
llextradoo.

+M> ~ Pig. 19. 5SI3X I D'UH1 GRILLE RDIALS 0E8AII0I E T

"LOUzz PAR COI. IXTMh

?ig. 20. SciOMM I~otj WRICKLLE DKALB U&SAWALCEE CT
swiJUE PIE OIL Una" >

5 - VKIRECIYI 90N1ALS PQURWi'QP ISZATION DK 0111148LISbAUIEB SU GISONIIIS A FORT 71.111 D COHYPUSS1QN

L'obtetutloo OUR taus do cosprovost" ilovE dsom un cooptosmaur DhC64oita dm* calontigswatsi
ttbm ISPOftitet 4. l'ECouloeat rolatUf dome soa canaux ltocarubea.

ln partiuclten pout Ito coupes oa 116coutwoont aslatif & lenin.l du canal intersube met super-
#caique, Its Vitasso, a Ia sortie moot oubeoftiquoo I It paseiga do lttcoulemont 6upersonlque A VkEota-
laenet euba"Alqua vi feit par 1'taterk~dialteo d'un sysat~a plus o0 sains compliqui d'anesdov4 chot "v
totomlomnt oblIgatotimount, at a"vents do pbhaoobnuv visquoux., par dos ovAtm do cboc itoices AU volmlbAgs
des perot. Eu coasit Watamabe. Or, 11 set blirn conae qua plus Is oombto, do Mach, 1 t juto &onact dluo choc
drolt Ott 6140E, plus Ii talamt~levmta Local *ai Imprtant. A Pertti dtues certain* Ciliur cempnias* sects 19.35 vI g41. Wae eouvaor volsirn do A - 1131. Poor va. couch@ 11uAte turbolaita, colait-ci us p60r
plus mupportat Is .rIatleaiiv ues. it ma proditalt r *L ra N #,tctlwaesImpnoatAak, 4imool Um un rnuvau
oyatlse Acndia dik ahoc, ot quA soremlo do* pumalaorsaei
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Si on conaidaro alint, Ia faui~ile do. prof ile fr~quemsent utiliasf oa IA section du tube de
courant traversant la grille eat constaxent divergente, le nombre de Hach MI do l'4icouleuont non
visqueux on amont du hobo droit eat nfcossairement plus 6lev6 que K1. Ainsi toutes les noupes
comportant do tels prof ile, avec on ficoulement relatif A l~enttfo du canal suptrieur A 1,37 conduisent
n6cesaairouent A des pertes #levies (1a valour do 1,37 doit en fait 4tre diainuio pour tenir t~ompte do la

divergence du tube de courant entre MI et M').

Si Von vent riduire ces portes, il eat n~cessaire de ralontir l'6cnuleaont on supersonique

avant le choc droit, tout ow moins aupras des patois. Coose nous l'avons rappo1fi plus haut cola no pout
atre eavissg6 quo grAce ii une compression interne do l'6couloment.

Maio il eat avant tout indispensable do rappolor l'observatrion importanto qui suit coela n'a
pas de sans do vouloir optimisot (au sent des parts*) un diffuseur sopersonique, c'oat-1-dire corros-
pondant I on 6cn.loment suporsonique donn6 41 l'ontr~e, le dfibit fitant ainsi fig6, pour un niveau de
prossion oval dOTIis. En of fat, le fait do se donner catto prossion oa quiaut Ae onnorle rts
L'aemeplo do Is prime d'air pitot monodimensionnolle illustre bion cot of fot.

Consid~rons one, primes dair pitot de section d'entr~e Al at alimontie par on 6coulement
suporsonique MI ,soit A2 Is section A 1Vaval at P2 la rression statique dana I& section A2.
Suppoaonn qua It rigie mest aaorc6. ±1 y a sinai choc droit dens I& patti., divergent. (fig. 21).

fig. 21 SCXID4A D'UNE PRISE DAIR FTOT MNON 010151Mo> :AIi i A2j

Mappolona quo I,. d~bit pout *16crire aous Isa forms

avoc I-, - coelfficient dipeudant do C?. at

- prosalon darret

- saction critique

-teoerature 4darr~t

La variation do IU tomp~raturo d'arrit relative no dp9and qua do i16volutiou du rayon ot do I.

vitosse do rotation.

Ainal I& consorvattoo du d~blt outratno laý conservation du ptodult

at fn p

04 str paout WiretItra.(t~ (rJ v
A A -- .. ~ .

ae~tC V li1)u r.)

Alftst 1144ipaal (2) 104tra qua at P2 set 44W.* tole ravis"t a ta"OvaIs XProdiutt D3 at
dow Is seabro da Rkhc NJ. La. ralatoea (1) mantra store qua Is rtV#Ot dma prosooa 4:ertat mat Mtar-

.ii ~rcQUAaquaaz toposer ?a tvsaet & aeuast Ias Pon"a.
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La prsaence de Is viscasitd du fluide no change strictemknt rico A ce raisounesant i en fluids
non visqueux, ies pertes aeront does uniqueuent aux ondes de, choc (u.- choc droit dons le cas do l~a prise
dOat; pitot). En fluide visqueux, i1 y aura partage entre lee pertem par viscositi (frottement) inter-
actionl Choc-couche limits et choc dont llintensitd sers plus ftibie quten fluide non viaqueU36.

La seutle opcisisation possible conesite A mninmiser ies pertes au point juste avant Ia d6sa-
morq~age, c'aat-A-dire avant Ita diminution du dfibit. Pour la prise d'air pitot, eels correspond au chat
droll dons lIa section d'entr~e Al, la perte en fluide non visqueux ftant cello due au, chat, Mo.

Laoptittisation consist. alors I ralentir au pr~slable l16coulement suporsonique otf t qu'au
d~csaorgage ilintensitg du choc soit plus faible. La preRcion statique P2** au d~oaaorqage sera plus
flevge quo Cell. P2* de 18 prise d'air non optimisSe :pout P2 - P2* las deux prises dWair auront
lea slats pertes, pour P2 - P2** Is prise ci'air non optimiste aura un d~bit infhrieur.

Une des conclusions de, l~a remarque importonte rappel~e ci-desaus, tat qu'ii faut faire tris
attention quand on compare diff~rent. diffuseurs supersoniques. En particulier, at Ilan impose let misos
conditions de sortie (par example par Ia pr~sence des Stages suivanta) pour des Same* conditions
d'entrie, il nly aura sucune diff~rence entre diverse. solutions du point de vue du rendasant, par contre
lea marges pourrant Atre diffirentes.

Si IVon utilise un diffuseur optimisi, i1 eat o~cessaire qua lee conditions avals soient compa-
tibles avec cette aptimistatipn.

Coapte tanu des observations et reusrques 6tablies pr~c~deinent 11 eat possible do 448gsg.r doe
directives g~tatralas pour La conception des profiil..

Pour une premlire Abauche du prof it, ii eat conseilld do construtre Ua presigre partle do
l'extrados du prof 11 cosse une ligne do courant naturella. On choisiro un rayon do bard d'attaque te plus
petitt possible at in dliviter un blocage at des pertes Aventuelles.

11 faut alara distinguar deux cas* saelon qu'uno compression intern. eat jug~e ofcessalre ou
pas.

Compte, tonu d'une Svolution d'Epatsaer donalt, lIt#* A des problises technlogsiques, o pout
coiiatruire is presl~. pantio do Ilntrados. On peut alare difinir le Conte do laextradom *Qola'loLgoant
progrssskiveuent do Is lisne do courant naturells I parcir do, is raglan do I& section d'intr6e ou du point
do dlpart 3 do Is caractfristique C+ aboutieseait su B.A. do I'aube suivante, do fagon I ivittr 10
blocage dd A Ilintrados, at a sasurar one direction AL l'aval our It rayon do sortie oboist ou pour uvs
cardit doenfe. on terauen enftit l'lntradoe *clon I& lot diApuissour anvisag~a.

fin calcul direct parseltra slore do vOrtifir qu~ll nly a pas do blo~ceaa par col 4Acierat. *:
caust dee~timr X1ecart entre IPlacidence caleulde at cells soohail~e.

A co shads, loauplot do III x~thode inverse pout Stre Int~fteasnt pour modulfr Is r~partition
obtenue our Il'atrodoe dona s tor~ion d'tntr~ Wsits susat Pour I& pertth sob6oniquG p; sar IOOC caIQal.
acrtual tautafais ntgososairee pour adapter ao aloux too conditions d'outtg..

b) ~sSa o~oao nen

I* compression tintoroo petit to faire par un. cospreaslon I partir du point 0 (fig. 21) avoc an
dide, Oa une l~g~re rasp* do compression diviant llcoulmeont do y) par rapport A La l1ignt do courant
naturalle ektivid cuapravdat par llsxtradus. Kats 11 y a *atat I& coeprosasiot da" oa diadro do bard
d'actaqas canaiseac a Urin niveas 44 Hachi NJ.

Dons 1s majoritO do* tao 11 paratt jitdiletox doa positionnar to cal (ooccton alnisais) &u vote[-
nas# du pied 0 Planda 4. compression i0sut du bard dmAttAqao A2 do 11tatradox ds Iltbs. adjacent.. on
fdecrqa. quIl Y a plustours cosprouis possible sllre iU dMvation f) en I at to diCdr. da lI.A. pour
dotoer un adoe nivasuo Ms ach H3 su cal. Vton Stud* perasitriqus facile k fair* eat tioa uttle pour I*
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Enfin il faut prfvoir une partim divergente en aval du col qui contlendra le choc principal
eais cette divergence doit rester modfr~e pour tviter une rfaccl•6ration trop brutale et perdre sinei le
bfntfiice de la compression interne prfalable. I1 rtste etfin I fermer le profit %sis Cele eaitII• I Is
dfflexion globale do 1€6coulement d~sir6. Le pas relatif resulte final de is conception du canal inte-
raube. Plusieurs grilles out 6t4 dhfinies et expgrimentges. Un r6sultat oat pr6sentd an (2].

6 - CONCLUSION

Lee conditions d'existance et lea proprilths du phinomine d'incidence unique* bien connues dans
le cas d'une grille plsne d'aubes supersoniques ont AtA itendues au cas trhs gfn6ral d'une grille A rayon
variable at notasment au cas d'une grills radials. L'anslyse qualitative des diverses configurations
alrodynamiques ainsi qua lea effete principaux de Is forms de IS r6gion de captation des aubages
perumotoot do diduire des directives gfinralos pour IS conception do profile en rlduisant ao sioux lea
parts*.
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SUMMARY

"•E'xtensive experimental and theoretical investigations of different turbine cas-
cades have been performed within the transonic Mach uumber range. Soume problems
related to measurements in rectilinear cascades are discussed. From the done flow
field calculations using a 2-d time-marching Euler code limitations can be
determined when applying the computer code itself as well as when comparing the
calculated data with experimental ones. Experimental and theoretical results
within the subsonic Mach number range are used to check the accuracy of "simplified
methods" for calculating the downstream flow angle.

1. INTRODUCTION

The great variety of possible and applicable turbite blade profile forms has
precluded so far the accumulation of systematic and rather exhaustive norodynamic
data, as are available for axial compressor blades - at least in the subsonic
regime. Therefore, as well as for the development and optimisation of new profilP
forms as for the detailed calculation of multi-stage turbine bl"ings. methods
are necessary for the sufficiently exact calculation of
* outlet angle
0 aerodynamic loss coefficient
in th" whole subsonic-co-pressible and - mainly for gas turhines - in th0 traugonic
flow regime in the great numbrs o casa, where pertinent ex pri tCal date are
not available.

Loss calculation has m4d4 progroe by combined application of modern r.ascad flow
and boundary layer mothofd•, Outlet angle calculation by flow field mothods t~ll
comprises some uncertAities, mainly connect-ed with the formulation of the
trailing edge condition, and the practical application seemingly encounters often
some doubt, Furthermore it necessitates a nou negligiblo effort in the preparation
and the eaecution of computer calculatioma and, conseutuentlyj the turbo machine
industry still prefars to apply widely different "eslpifiod methods" - e.g. the
well kttovn Sine Law for the calculation of outlet angle. All of these are based
on balances of mass flow and mooentum in the outlet regioa of the cascade and
bacesitate various steplifying assumptios.

Because of the differing **tpriencos in application of "sioplified methods" sod,
to sme extend, of eodern cascade flow calculation wethods, a research project
was initiated by ForschungovereinigunS Verbrennunlikraftotachinan (FVV) and car-
ried out Jointly by Institut fUr Striaunismaschinmn (IfS), Univerait~t Hannover,
and Institut fir Experimantelle StrwmungSemcchanik (SH-ES) at 0eutsche Forachungs-
und Veroucesanstalt fUr Lute- und Rah fahrt (DCFVLR), CWktingan. It coampriies:

. experizental investigation of domstrera flow angle, loss coefficient and
pressure distributLon for several c"cnite in the treuscuic tttgim (IMW•ke
cha$.r 2),
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* flow field calculation using a transonic time marching procedure and comlar-
ison with experimental data (DFVLR, chapter 3),

* experimental investigaticn of downstream flow angle, loss coefficient and
pressure distributirn for several cas, des in the -ubsonic-compressible regime
(IfS, chapter 4),

* flow field calculations using a subsonic-compressible finite difference method
and comparison with experimental data (IfS, chapter 5),

* comparison of downstream flow angle data from several "simplified methods"
with experimental results for more than thirty different turbine cascades
(IfS, chapter 6).

The project resulted in a deepend insight in the poten..ial and the limitations
of the different methods and a better understanding of the aerodynamic charac-
teristics of turbine cascades.

2. EXPERLMENTAL INVESTIGATIONS ON TRANSONIC TURBINE CASCADES

At DFVLR the experimental task within the scope of this project has been to re-
measurs three different profiles in one cascade geometry each 4nd a fourth profile
in six different cascade geometries, All these cascades have been investigated
fox the design incidence flow angle and within the downstream Mach nurber range
0.2 < Ma < 1.3. From the obtained wake traverses, vurface pressure distributions
"and Schlieren photographs documented in (61 a few examples are taken to discuss
some typical problems of transonic turbine cascade flow.

2.1 Test facility
A detailed description of the test-fieility for rectilinear cascades (EGO) of

DFVIV, G~ttIngen is given in 11).. The cascada assembly dravn to ticlae ;s shown
in FIGUR9 I for a hub-seti4on cascade. The width of tho flow chn.fil Which is e4ua1
to the height of the cascado blades is 12S o. In ganeral, the prmfile chord length
is 60 om and therefore the aspct rotio iO 2.06 .Thl.rv ar app",rximately 8 blaies
in the flow field in the case of stator cascades ad up to 15 in the case of rotor
cascades.

Soe blades of the cs•tcda are fixed into gliss panes ".o tltkw the St'lierpn
pictures to bo tkeo. For surface prssur1 e diserfution 0*aseMVteOtUS. on of the
bl~adtt to substituted by an inotrue4nted aon. For this subject the pantess of &I"
in the cascade rig are replaced by steal plates.

2.,2 upswam flow

In the upctream flow field total prewsure, total ttzparature, @Ad humidity of the
air ore mssuiod in the settling cha••br, The upper nd lover valls of the roc-
tangular ntmale can bo adjusted in hariz.%nal amd vertical dirvectio and can be
Gat to engles up to f4t Wrative to the centre line. Thows 4djus!tont* or* used
to set the inlet (low conditions to periodicity as uell as possible. Th. wa!l
static pressure can be aesaoured in a plaitn perallel to -the ctscsd4 inlet front
at 96 poeitions distributed over all blade pasi-tses on one intitsuaeated side-eall.
Values, f'ota 47 ports a*e acquire. 91 to 04i7 in fig. 1.

Through holes on the opposite *ida vwil la the very sa* plane, tho intidauct anti*
crA be "tsined with a vedge probe at I different locations. Vi to VWr. The chock
of thty ,ftloI. Is nacesary because experience has shown that the actual tacid.nce
angle CiiA iffer by up to I2 from the Smoe.rfc one.. The itcidtace angl diws
tributioa *a well am the stati pressure disttibuti"• show a remarkable depandene
on the positioa of the uppr L9d lover walls.

Vith the adjustable wals4 variations in ste flow angle can be kept within the range
of some tenth of & degree. In FIMRE 2 the disttibutian of the inlet Hach number
based oa static pressures, 01 to 042, mad total pressure in the settling chmber
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shows that, for two flow coi.dition-. the distrtbution is quite uniform except for
the region close to the upper ard lower wails.

F.rGURE 3 shows the dependence -f inlet Mach number on outlet Mach number. The
* choking Mach number is about 0.5 corresponding to a downstream Mach number of about

0.9. For higher flow accelerations no changes in the upstream flow occur.

Tests lead to higher inlet Mach numbers than can be expected for 2-d flow [2].
T7his is due to the relatively long inlet duct which causes a turbulent boundary
layer of about 30 mm thickness on both sides. In the future an adaptive nozzle
will be used which is shorter in order to approximate 2-d flow conditions better.

2.3 Downstream flow

Usually, downstream of the cascade, the flow is not guid(.d by walls and therefore
free shear layers originate from both the top and bottom blades. The interference
of obstacles crossing the whole channel in the downstream supersonic flow field
is demonstrated by Schlieren pictures (flash duration- 50 nsec) in FIGURE 4. Four
pitches downstream cylinders of different diameters are inserted. Severe dis-
tortions of the flow arr evident even if the diameter of the cylinder is only about
twice of the blade', trailing edge thickness. This was taken into account by
designing the probe u--na a long axial stem and mounting the probe support as far
downstream as possible, [3]. In FIGURE 5 Schlieren pictures show the probe head
within the flow.

A wedge-type probe, [3]. specially designed for tests it, the complex supersonic
cascade flo-. fields is traversed at a fixed ar-v e. From the probe's readings the
local value' for total and static pressure and tlow angle are evaluated within
the calibrat.ion range for the flow angle of W6'.
In FIGURES 6 and 7 sample measured distributions of local flow angle, total
*-ressure and Mach number are shown for a stator cascade. In the case of subsonic
flcw results are shown for about 7 different pitches beginning from the free shear
layer at the bottor. About 2 pitches from this boundary the wakes are almost
identical. The rig consists of two more blades. For those blades measurements could
,olt be provided due to the restrictions of the support system. This would be
possible with the system in use today because the downstream area is now covered
with 800 mm instead of the previous 314 mm.

In the sunprsonic case the flow is often less periodic. The expansion around the
tiailing edges can lead to a smaller flow angle at the bottom blade and to a higher
one at the top blade. This may cause art an6. gradient in the flow field.

T1ail±,.g edge shocks are reflected from the free shear layer and its Influence
on the flow pattern can bo considerable, especially when causing atditional shock
boundary layer interactions or flow separation at the blades. For the example
g:ven in the figure the results for the 3 pitches of the centre I'ladex show a quite
periodic outlet flow field, which may not be achieved in all casea.

Additional reasons for deviations of the flow behind different pitchas are due
to the unavoidal-le imp.trfections of tho hardware. .ormcrly blades were manufae-
tured by copy-machining from a tomplate. For some years the blades have been
wire-eroded from brass which is . more precise method. The aetua' shape of the
instrumented blade is ineasured with a ZEIS8 UHM 500 and Is compared with the
desired contiur. Usually, deviationv normal to the surface are within 5/100 W.
These maximum deviations occur at the leading edge uand trailing edge, respec-
tively. They are prima6'ily due to tha technology used to instrument the blade,
[i]. An important geometric quantity is the throat, c*, i.e. the shortest dis-
tance between two adlacent blades, fig. 1; ntubers differ up t4 3/10 mm. For
calculating the 1-d theoretical choking Mach number, an averaged value of c* is
used.

From the data of the inhkmogeneous flow in the traverso plane, the propertiias of
an equivalent uniform downstream flow are obtained by applying tht% equations of
conservation of miss, momentum and energy (4,. Results of data for dowastreamflow angle, total pressure lose and axial wclocity density ratio Os functions



do

26-4

of downstream Mach numoer are given in FIGURES 8 to 10 for the cascade shown in
fig. 1.

2.4 Pressure distribution

Ir, FIGURE 11 a measured surface pressure distribution is shown. The pressure
coefficient

(1) Cpl = Pk - P!] / P1 and p/p101  [2/(K+1)]

is plotted versus the axial length of the cascade, XA/LA. In FIGURE 12 the pressure
distribution cpl* is plotted versus YA/LU, the coordinate perpendiculo-. to the
axial direction, and combined with the corresponding Schlieren picture which
allows an easy comparison.

Examplarily, tha suction side flow behaviour is discussed: the flow is accelerated
from the stagnation point at YA/LU = 0.4 continously up to YA/LU = 0.0. An area
ef recoumpression/expansion follows up to YA/LU = 0.3. Fron there the flow is
accelerated up to YA/LU = 0.7 where the trailing edge shock from the adjacent blade
is refIected which causes a shock boundary layer interaction. Further downstream
the flow is decelerated and finally forms a shock at the trailing edge.

By integrating pressure distributions aerodynamic forces -n the blades can be
determined. These values can be cross-checked with those evaluated from data
reduction of the wake flow measurements. In FIGURE 13 results ars shown for the
normal force coefficient, normal to the chord direction, and for C•e tangential
force coefficient. Only the results for the first seem to agree quite well. The
deviatione are related to the fact that friction forces are taken iný.o account
by probe measurements but not by static pressure meauurements on the blades.

3. THEORETICAL INVESTIGATIONS OF TRANSONIC TURBINE CASCADES

At DFVLR the theoretical task of thq project has been to perform flow field cal-
culations applying a 2-d time-marching Euler code for seven different cascades

* for subsonic and tranionic downstream Mach numbers. Those data have been used
to determine limitations of the application of the computer code itself as well
as to check some assumptions which ar4 necessary for "simplified methods" to
calfulate the angle of the homogeneous downstream flow. Some typical easulta are
discussed and compared with experiments.

3.1 Computer Woe

A finite voluome method, [2), is uied to solve the time-dependent guler equations
for 2-d compressible flou. The boundary conditions prescribed in the computer code
are total pressure, total temperature and direction. of the homogeaeous flow
upstro" of the cascade and the static pressure downstream. The spatial discre-
tieatic- Is based on a 8-grid which is systematically refine;i in four steps.
Ref insem.nt is done by doublIn[g the number of quasistroemlines as well as the number
of nodes on a quasistreamline. In PI14R6C 14 a second mesh consisting of relatively
widely spaced grid points is shown. From the final solution of the coarser grid
initial values for the next finer one are interpolated. The values of the homo-
geneous flow are calculated using the conservation laps according to (4] after
each time interval..

Formerly the vanishing local pressure chhange an the blade contour was used to
define a criterion for thu "steady state" solutioh with Iteration in time. For
this project the "steady state" was based on the vanishing changes of the hoon-
egnvous downstream flew quantities, 1S1. These time-depondent values approach the
.-steady state" with variations ot decreasing anplitude. In FIGURE i1 the "steady
state" values for the four gr-ids ftier 40 906* 160 and 320 tim -Intervals are shown
for downstream flow angle, pressure loss coef Iciet, upstream and dcvmst eac Mach
nvhemr and the axial vlocity density riatio. Allowing deviations fl.m this "ste0ady



26-5

state" value of about A02 ±1.0', ±0.5', ±0.25' or ±0.1", in the four meshes
respectively, as the maximum amplitudes for the downstream flow angle then the
"steady state" is approximated sufficiently after 10, 20, 40 and 80 time intervals.
The accuracy achived for the other flow quantities is given in the figure. too.
The4re is a significant change of the steady state values in the first three meshes,
while in the finest mesh only local values vary, especially near the leading and
trailing edge, [5]. If one takes into account that the experimental error in
general corresponds to the accuracy prescribed in the third mesh, the accuracy
of the final solution is sufficient.

3.2 Application of the computer code

• Surface pressure distribution
In FIGUJPE 16 the surface pressure distribution for a low subsonic downstream Mach
number in cascade 10.1.2 with the designed blades is shown. The comparison of
experimental and calculated data indicates some significant deviations marked by
arrows. Another calculation using Katsanis' code, (6], results in a very similar
pressure distribution with irregularities at the same locations. In the case of
transonic downstream Mach number in fig. 11 the corresponding deviations are to
be seen.

The two main reasons which cause these deviations are first the inaccuracies of
the manufactured blades forming the cascade 10. 1 .21 end second 3-d effects because
of the side-wall boundary layers resulting in an axial velocity density ratio 11
not equal to 1.0. The irregularities of the surface pressure distribution vanish
when the actual cascade 10.1.21 is computed, fig. 11 and 16. The remaining dif-

j ference to the experimental values can be reduced again by introducing the axial
velocity density ratio from the measurements given in fig. 10 to the code. This
leads to a remarkable agreement of experimental and calculated data for both
subsonic as well as for transonic downstream Mach number.

The calculated blade force coefficients determined from homogeneous flow quanti-
ties on one hand and from pressure distributions on the other give nearly the same
results, fig. 13. Inspite of the abovementioned deviations in the pressure dis-
tribution, after integration the calculated results for cascade 10.1.2 and
experimental ones for cascade 10.1.21 agree quite well,

* Influence of blade variations
The blades used in the basic tascade 10.1.2 have very thin trailing egdes, i.e.
low values of d/t see TABUE 1, and a curved suction side downstream of the tbroat.
The variation of the flow field due to changes of the blade's suction side avd
trailing edge have been investigated in cascades 10.SSVI and IO.SSV2. The blade
shapes in FIGURE 17 indicate the increase of the trailing edge diameter, the
redliction of the curvature of the suctinn side and identical contours up to the
throat. Therefore the geometry of the cascade variations has been chosen to give
the same flow channel up to the throat as in cascade 10.1.2. Due to the different
chord length of the blades the pitch chord ratios in tab. I are slightly different.

In fig. 17 the calculated pressure distributions for a downstream Mach number of
ta2is u 0.670 are shown. There is an increase of the velocity level on the blade
surface related to the increase of the trailing edge thickness. The difference
between the pressure distributions for the two cascade versions is less than that
between the basic one and version 10.SSV2. Due to the unchoked flow condition
the whole flow field is influenced by the thick trailing edge. The stronger
expansion around the thicker trailing edges causes the increasing differences
between the local pressure maximui and minimum. Based t•n this expansion there is
an upstream ahi.t of the crossing of the pressure curves of the suction and the
p-qssure side. In FIGURE 18 the experimental results for other flow -tonditions
indicate the samie behaviour. In the case of transonic dofmstreaO Mach number, i.e.
for a choked cascade, there are identical pressure distributions up to the -throat,
Ff6rV n. Moreover the pressure distributions irdicate an increasing strength
of tt,. bw^tk reflected on the suction uide with increasing trailing edge thick-
massi.

In the throat, constant flow velocity and constant flow direction ptrpendicular
"to -the throat, ara assumed when using "sirplified methods" to calculate the angle

...
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of tha homogeneous downstream flow. For cascade 10.SSV2 the local flow direction
in the throat calculated by the time marching procedure (TMP) indicates signif-
icant deviations from this assumption, see FIGURE 20. This may be related to the
thick trailing edge but in cascade 3.1.1, having bla(es with thin trailing edges,
there are remarkable differences, too. In addition the local flow velocity varies
by about ±I0% from an averaged value, (5]. As the abovementioned assumptions are
not proven by the time-marching procedure in these cases significant differences
between the downstream flow angle calculated using one of the "simplified methods"
and experimental results may be expected.

3.3 Homogeneous flow quantities

• Upstream flow
For cascade 10.1.2 the homogeneous upstream flow indicates that the experimental
upstream Mach number is higher than the corresponding calculated one, fig. 3, due
to side-wall boundary layers in the wind tunnel. Correcting the geometric cross-
section with the displacement Lhickness a corrected experimental inlet Mach number
for 2-d flow can be calculated. The results from the flow field calculation for
cascade 10.1.2 and 10.1.21 using ji = 1.00 fit this curve quite well. On the other
hand it is possible to take into account different cross-sections in calculation
planes I and ME and linear interpolation in-between and to perform a quasi-3-d
calculation corresponding to the experimental value It not equal to 1 .00. The result
for cascade 10.1.21 is an upstream Mach number close to that of the experiment.

Due to the thick trailing egdes of the blades in cascades 10.SSV1 and 10.SSV2 the
mass flow changes for subsonic downstream Mach number Ma2is = 0.67. There is a
significant difference for the basic cascade and the variations, while the two
variations have nearly the same upstream Mach number. The expansion around the
thicker trailing edges results in a higher level of the contour velocities and
therefore more mass flows through the cascade. To increase the mass flow in cascade
10.1.2 to that value the isentropic downstream Mach number has to be increased
to Ma21s = 0.70.

Downstream flow
From the local flow quantities in calculation plane ME the values of the homoge-
neous downstream flow are computed. For the basic cascade 10.1.2 the downstream
flow angle in fig. 8 from experiment and calculation fit to the same curve. This
is related to the fact that the values of the pressure loss coefficients, 4 (ZETA),
in fig. 9 are close to each other, i.e. for the subsonic case numerical losses
due to smoothing the solution and for the transonic case numerical losses and
predicted shock losses are comparable to the measured ones. All this is related
to the thin trailing edge of the blades.

For the cascades having blades with thicker trailing edges the downstream flow
angle in fig. 8 increases. This can be seen in the case of the blade variations
as well as in the case of the actual blade. The corresponding pressure loss
coefficients in fig. 9 increase as well. When smoothing the expansion around a
thick trailing edge obviously from the subsonic case the numerical viscosity
increases. This gives a hint for the necessity of a wake model to be incorporated
in the procedure especially for thick trailung edges,

For the axial velocity density ratio, v (MY), in fig. 10 it can be seen that the
calculated values are close to 1.00, while the experimental ones are significantly
different. As mentioned above this is because of the higher upstream Mach number
due to side-wall boundary layers. If these geometric modifications of the flow
channel are introduced to the code the calculated valueb are close to the exper-
ixental ones.

4. EXPER1IENTAL INVESTIGATIONS ON SUBSONIC TURBINE CASCADES

Parallel to the transonic cascade investigations described above measurements and
"calculations in the subsonic-compressible range were conducteo at IfS, Hannover.
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I For two different profiles geometrical modifications of the outlet part of the
suction side combined with an increase of the trailing edge thickness were
investigated *in a range of downstream Mach number of 0.2 to about 0.8. Wake
traverses and surface pressure meas'urements were made and in addition some L-2-F
velocity measurements in the throat area for comparison with flow field calcu-
"lations. A few results are presented here.

4.1 Test Facility

The cascade tunnel used is of the suction type. It is shown in FIGURE 21. The
blades of 240 mm length are mounted between two circular side wall plates which
can be rotated so that the outlet flow is directed roughly vertically downwards.
One of the side plates is made of steel and comprises the probe insert and trav-
ersing provisions, furthermore the outlets for the static pressure taps on the
blades. The other side plate has a glass insert and allows measurements with a
L-2-F anemometer between the blades aud behind the cascade. With a blade chord
length between 80 and 100 mm the aspect ratio realized is 2.4 to 3. Because of
the limited airflow capacity available a rather limited number of six to eight
blades constituted the cascade.

The flow channel consists of two fixed, sector-shaped side walls and two adjustable
guide plates which are set at the intended angle. The quality of the inlet flow
is controlled by static pressure taps all along the guide plates and infront of
the cascade. The uniformity of the inlet flow is remarkably good. The side wall
boundary layers are according to our measurements thin.

Since the outlet plenum is not sufficiently large for an undisturbed free jet
outlet, the flow behind the cascade is protected against uncontrolable influences
from the direct environment by adjustable guide plates. This, however poses the
problem to avoid influencing the flow, especially the outlet angle. This problem
was - in most cases sufficiently to satisfaction - solved by using pressure taps
on the guide plates and behind the cascade for adjusting the guide plates to a
nearly uniform pressure distribution. Nevertheless, this configuration of cascade
tunnel will always pose operational problems. A further operational limitation
results from the expansion of the more or less moist air in the cascade which leads
to spontaneous condensation under transonic flow conditions and a falsification
of the results. The outlet Mach number has to be limited to about 0.8.

4.2 Downstream Flow

For the determination of the outlet flow a wedge-type five-hole probe (FIGURE
22) was used. The long axial stem built according to DFVLR experiences minimices
the interference of the holder with the flow. The probe is traversed at a fixed
angle. The flow direction is calculated from the calibration factors. Because of
the geometrical limitations at the tunnel the traversing travel was only about
two pitches lengths which is not enough to smooth out statistical scattering. In
the subsonic region, however, the results were quite satisfactory.

Measurements were made - among others - for the cascade configurations described
above (fig. 5 and 17 resp.). FIGURE 23 shows local distributions of the flow angle,
total and static pressure and Mach number. The decrease of uniformity and per-
iodicity with increasing trailing edge thickness is obvious. The comparison of
the parameters flow angle BETA2, loss factor XI and inlet Laval number LAI - all
calculated from the teat data also according to (41 - with the same data from the
DFVLR measurements is shown in FIGURE 24. The differenices, keeping in mind some
unavoidable shortcomings of the IfS measuremeats, are rather small and the general
compatibility is good. Similarly good agreement has been found for the blade
pressure distributions which is not shown here in detail.
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5. THEORETICAL INVESTIGATIONS OF SUBSONIC TURBINE CASCADES

5.1 Computer Cide
For the calculation of subsonic-compressible flow fields in turbine cascades a
finite difference method for calculation of the stream function acc. to Katsanis,
[6], was used after some adaptions to our problem. The solutions yields the 2-d
subsonic-compressible, frictionless flow field for a given geometry and given
inflow and outflow conditions. Contour Mach numbers up to 0.7 could well be han-
dled.

5.2 Application of the computer code

It is well known that methods like this demand an additional information defining
the total circulation around the profiles to render a correct solution, i.e. the
outlet angle should be available as input which poses some problems in all cases
where experimental data are not already available. Test calculations for a number
of different cascades with prescription of three or four slightly differing outlet
angle values showed, that - provided the calculating net and the contour point
spacing are fin6 enough at the trailing edge - the "correct" outlet angle value
can quite easily be deducted by visual inspection of the pressure distribution
diagrams with some experience. A "normal" closure of the pressure curve at the
trailing edge is a good indicator. It seems highly probable that the introduction
of an extra iteration level in the code which satisfies p.e. identical velocity
(or static pressure) at the both end points of the halfcircle of a non-zero
thickness trailing edge, will allow the direct calculation of a flow field with
an outlet angle correct to a few tenth of a degree (see fig 16). Experience showed,
as mentioned already for the time marching method, that high accuracy for the
geometrical input data is indispensable for a quality solution. Small differences
cause considerable disturbances in the solution (fig. 16).

Very important, too, for the comparison of measured and calculated contour pres-
sure distribution curves is the introduction of the experimental value of the axial
velocity density ratio into the calculation, if it deviates - as often - sensibly
from unity. FIGURE 25 shows results with and without correction.

6. DOWNSTREAM FLOW ANGLE CORRELATION

6.1 "Simplified Methods" for Outlet Flow Angle Calculation

Almost since the beginning of turbomachine theory the need for methods for the
theoretical prediction of the outlet flow angle covering a large variety of profile
forms and a great range of operating conditions was felt. In course of time a host
of - in principle - quite generally applicable methods was developed, beginning
with the famous Sine Law, described p.e. in a modern form in (8]. Further exist
the Tangent Law, [9], and it's more generalized form in [141, the methods of
Fricke, (103, and Oedegard, fil], which take into account the compressibility of
the fluid and finally, also classical "ample, the Jet Deflection Law, (12], for
transonic conditions only.

The practical experiences with all these methods were differing widely. The
deviations from experimental data seemed somewhat erratic and unpredictable. The
research project the results of which are reported here very partially, was started
originally in order to check the results and the accuracy of all these "simplified
methods" for the calculation of outlet flow angle in a wide range of profile form
and operating conditions against proven experimental results of high quality and
thus decide their practical applicabilty. Experimental data were collected or
produced for about 60 cascade configurations with more than 30 different profile
forms. FIGURE 26 gives a synoptical presentation of the cascade characteristics
in a inflow - outflow angle manner. FIGURE 2? shows the range of outlet flow Mach
number rasp. Laval number coverd by the experimental data.

. . .....
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For all cases tha outlet flow angle was calculated according to 111 the "simplified
methods" cited above (exept [14j), if applicable for variable outlet Ma.h number,

and compared with the experimental data. Three typical example.., of the zomparison
are presented in FIGURES 28 to 30.

A case of good agreement for a turbine cascade w.Lth rather high deflection sh(.ws
fig. 28. Although the Sine Law value differs by more than 5% the Tangent Law and
the Oedegard method coincide nearly perfectly and the Fricke method agrees quite
well. Even the decrease and increase of the flow angle with outlet Mach number
is very well reproduced. Only the values according to the Jet Deflection Law are
far off, as in most cases investigated.

Fig. 29 for a seemingly similar cascade reveals a quite different situation. The
Sine Law gives at least a good mean value, the result of the Fricke method is very
good, while Tangent Law and Oedegard differ somewhat more. Fig. 30, finally, for
a quite normal profile form, shows enormous differences in the subsonic range.
Especially the variation of outlet flow angle with Mach number is overestimated
by all methods dramatically. In the transonic range, however, good agreement
exists, which is true for quite a number of cases.

As a resume of the complete investigation it can be stated that no one of the
"simplified methods" applied showed a sufficient agreement with experimental
results all over the range considered. The differences are differing widely, a
correlation with cascade geometry or other relevant parameters could not be found.

6.2 Critical Review of "Simplified Methods"

All the "simplified methods" investigated here are based on the application of
the conservation laws for mass flow and momentum in a "control area limited by
the throat of the cascade and a plane with assumed homogeneous flow behind the
cascade as shown in FIGURE 31. The mass flow and momentum balances are influenced
by the conditions along the boundaries of the control area. Only the influences
of the rearward stagnation stream lines cancel each other because of the period-
icity. The pressure forces in the throat, Kpa, on the rearward suction side, Kps,
on the trailing edge, KpB, and in the outlet flow plane, Kp2, further the mean
velocity vectors in the throat, wa, and in the outlet flow plane, w2, and even-
tually the friction force, R, on the suction surface enter into the balance
equations. Since detailed values for all these quantities are never available for
a simplified calculation of the outlet flow angle, the different "simplified

F imethods" apply different assumptions to overcome this inherent problem. These
assumptions are described in detail in the pertinent publications cited above; a
synopsis is given in (13].

Since the conservation equations for mass flow momentum introduced in the "sim-
plified methods" are inherently correct, any differences between the values cal-
culated by this way and the real values can only be due to the fact, that the
mentioned assumptions are not met. A closer examination of this question might
reveal the reasons for the experienced deviations and show perhaps means for an
improved "simplified method" through a better understanding.

Therefore an extensive study comparing the assumptions of the different "simpli-
fied methods" with the real values of the relevant quantities along the boundaries
of the control area extracted from numerical flow field calculations and special
cascade measurements, as reported above, was conducted and detailed results are
reported in (13j. It was found generally, that the constitutive assumptions of
the simplified methods" for calculation of the outlet flow angle are nearly never
fullfilled and considerable differences exist. Relati-ely small modifications in
cascade geometry may result in considerable changes of the numerical values of
the boundary quantities. Systematic correlations between cascade geometry and the
relevant quantities for the balance equations valid for a large range of cascade
geometry and operating conditions were not found. This does not exclude the pos-
sibility to define such correlations for a small range of geometry variations,
i.e. to use "simplified methods" with correction factors or functions for similar
"profile families" in a satisfactory and safe way. The necessary corrections,

however, have to be devermined empirically for each case.

L .-. . .
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The eftorts to .;orrelate the outlst flow angle to specific details of cascade
geometry - unsuccessful as they were - led, however, to the formulation of a new
general correlation of acceptable accuracy. The ratio of the effective mean outlet
flow angle, 02, to the outlet flow angle, 02sin, calculated according to the Sine
Law is correlated to the contraction of the flow channel near the throat expressed
as angle T explained in FIGURE 32. The general tendency is well defined, the
accuracy is a few percent, based on about 15 cascade configurations.

7. CONCLUSION

Modern numerical methods for the calculation of cascade flow fields render sat-
isfactory results in the compressible-subsonic as well as in the transonic region,
as long as boundary layer separation does not occur. For comparison with exper-
imental data the use of the actual and accurate cascade geometry and the exper-
imental value of the axial velocity density ratio in the calculation is indis-
pensable.

With appropriate treatment of the trailing edge - even with considerable thickness
- either by introduction of suitable wake flow models or assumptions into the
computer code or by competent judgement of the results and controlled adaption
of the input data, these calculating methods will render values for the outlet
flow angle with an accuracy sufficient for industrial demands, i.e. of a few tenth
of a degree.

"Simplified methods" for the calculation of the outlet flow angle, based on mass

flow and momentum balance with generalized assumptions for the outlet area of a
cascade only, are not capable to take sufficiently into account the real flow field
and the specific nature of the boundary conditions and will hardly ever achieve
the necessary accuracy. Application of these methods is only advisable within
narrow ranges of cascade geometry and with empirically determined corrections or
adaptions.
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cascade S tWl 01 c/t dft

3.1.1 49.0' 0.680 94.0' 0.4489 0.0115
10.1.2 70.0' 0.600 130.0' 0.5458 0.0159
10.1.21 70.0' 0C600 130.0' 0.5458 -
10.8Vi 70:0' 0.586 130.0' 0.5460 0.0789
I0.SSV2 70.0' 0.593 130,01 0.5460 0.0473
17.1.1 71.0' 0.499 118.00 0.4246 0.0673

TABLE 1: Gemetrical Values of the investigated cascades

* ~- -.- ---- --- .~. .--- --- ---
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DISCUSSIOIN

H.A.&Ikrelber, Ge
We know thet the AVDR can have a strong iniwace on tht downstream flow angle. Have you considered the AVDR,
influence in the P correlation?

uThei u Replyt rsne in Figure 32 is at present purely empirical and no correctionsi are ii%,cluded. The correction

proposed is surely possible, but we. did not work on this further reflisement of the correlation, b-Ccause we mte not-
consvinced of the general applicability o? any correlation based only on simple geometric pama; eters.

J.D.D~entonj UlK
In Figures.28, 29,30 why is the value of B~eta 2/13eta 3, sin equal to I1 for the.5ine rule?

Did you make any comparisops of the outlet angle predictions from the computationa methods with the
measurements?

If lnotlthi"kthat it would be avery useful oxeridv.

Autaor's-Reply
N sin iatake froms the aimpte sine law

N sin - arc Ain alt
a-throat wdth
v - pitch.-

SNitt the diagrams is the -~~ facretdsn aws prisened fd. Wo Reference 8 or ini Traupel: Termiscels

* Turbonsaschine, which t*ae into account the tmilng inedge thckness

* M cl ~owns~trearn flow a4les calculated by the Amoe-niarching code compare in general well0 with experimental data;i see
Figure Ii of the paper. The subsonic Katsamns cocdeemansds actually to specify Owe downstreamiangle. An iterative

.results nceurdte to a few tgoths of a degree tntroduction ot u suiuabiaoutflow condtoAW it h ~sn~ code~em

"Hel pos Iads 4="Wedin the paper.
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N A SHOCK LOSS' MODKL FOR SUPRRCRITICAL SUBSONIC FLOWS IN TRAN4SONIC AXIAL FLOW COMPRESSORS

U..]. Dlunker

DFVLR, Institut ± Or Antriebstechnik
- ~Poatfach 90 60 58, Di-5000 Kt3ln 90

-AID Federal Republic. of Germany

Thi ::± v stiqation was aimed at developing more sophisticated shock models-to be incor-
* I porated 6i). ah: off-design performancc prediction method for transonic axial flow compres-

s'or stages for'more accurate flow prediction. Pr ifa~ry emphasis, was- given to the improve-
mient- of shock models used for evaluiating the shock losseu, eapncaially, at siupercritical

a subson'ic, but also at supersonic tnf low conditionb. The newly developed and refined
Rethod: were verified by calculating, investigathfl and analysing the losses Of compres-.

so cscdeaswel sof a transonic axial floti compressor.-

VCITST OFBSYMBOLS

A~d straight shock extension- (see Fig. 13); am-
d shock distance ahead of loading edge (see Fig. 4): m '

S.1 chord length; m
* - - Ma, Xt Mach number

re leading edge radius, m
R e suotion surfa~ce radius of 1st blade element: ms

z55  straight distanceo measured between leading, edge and assumed -hc migmn
point on suction surface.

a rel-ative flow -angle measured acut~e against; axial directjon: deg.
a local inclination angle of bý,ade contour measured aga~inst axial directions daug.
B -difference angle of incl-ination in shock impirgement point and sonic point: dog,
a total pressure loss coeffiqient,,wa(p 01 -;02)1/ p01-p1)

Subscripts

0 total condition, -related. to camber line a ne
I condiukon far upstream of cascade front:ia ne
1 --daqind-ic.,itinq' tra4nsition between _circular.-arc of the leading edge and that of the*1ucio gurface---
bow relate4 ~to the bow shock .
C - intgrsection point of lot captured Mach wave and detached shock
E eman~tingp..qint on su~ction surface of let captured Mach wasve

if assumed shoick end pi~nt -

ink$-inoprvtl--
-krtn criticl - -

eq at thAs upper likmit, b~e. at near sonic condition
p -- relat~e to the passage shook -

sh concerning -tlw shook-
5?, - onc- poit-
St hobck im4 inqemot poinxt
tat total--

rNT'flDUCTION

For gnor qmsturbinaw3 transontc axial flow compressors rep resent a qood compromise be-
titeen rorel concentration per stage ont the one hand, efficiency, weight and nice oo the
other tlaud.* Fig. 1 shows ak sketch 0A a typical transonic axial compressor- stage. -

One of the cbrceiri~etraof the f low in suich-a c40proasor stage I s the fontso-
tnon ol azmplice-ted 3-dim. shock fronts, as illustrated In principle In Fig. 2. moreover

--tlve shock front considere)4~y changes its extension, position *And intenslity dapendin7 en
th6 operating point, of tile vwmpresuor. This- 9a shdwn -pchemt_-el -in 'ig. I i 4Z-4 s
view. whori,,y the through flow 1,-characterized by M~xod subsonlc/ supersaontic flow

-- field.. 14hanf the operating point of the compressor $n shifted through the part load
range towards full load conditions, the inflow conditions to sad thit correspoo4dinq flow
field Arpond a aidsotnion of the rotor blnda, for instanoe, Paso thynugh all flow .amdi-

.-. eiont %tten" in Wthi Pig. ) and In fig. S.
-M le to the compliemtad flow behaviour lin transonic comproesors I9 is dilficult to smeltý

- - ts thsee-f law- filed. and to sake accurate performance 7 ~dlctigns At oft.'dttign condi-
tiono. This is .sjIMo1alY true for the determinattion of-h0sw logger. at, supercritjail

- -inflow bonditions.. The.refore -work was undertakien at OW,4R in orda to dn'tivoe. tx t~reVjd-
-methods fur shvok loss prediction in the r-ange 6£ auperoritical subsonic. am tl as tot ---

- - - - - su~~~~persbnic inflow-Mch nutbers. which can be iacorporatw,4 into- parfor.ac rdcin -

methodsft-----
As the' mathascsicei tteaiat of th, model. is Ivery lsngnhy. Ohl, brief -Olesctptton of

- -- - their. "iin features and capsbilities6 as well en a comparison with eispsflsental fleming:
- --- ilw be given below. for more details th* lanterisw1t t :isei referad to I1).

so oa uperaonie inflow conditjoua a shack model. .a be a~.e wlhich was orlq~iu-
nak d"1 ttktc1 ar sca06e flow, It -it based on t wowk0 lao - -o - -

a"*~*
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In ore oincorporate the supersonic shock loss mcedel into a performance prediction
procedure Starken's model has been refined and simplified to some extend, however the
basic ideas have been kept. This method also serves as a basis for the prediction of
shock losses at sup~.critical subsonic inflow conditions.
The method provides the uniquivocal dependency between inflow Mach number at supersonic
flow, flow angle and shock positio."n,' not only for the unique-incidence- and spill point
condition, respectively, but also at off-design conditions, i.e. for detached shock as
is shown in Fig. 4. The shock is separated into two parts, a passage shock and a bow
wave. This method is based on simple wave flow using the Prandtl-Meyer-expansion as oth-
er supersonic methods known from the ripen literature. It delivers informations on the
location of the sonic point on ths suction surface, on the 1st captured Mach wave, on
the shock impingement point on.the auction surface, on~the lateral shock -exteiasion, on
the distance of the shock wave ahead of thle leading edge of the.teiqhbouring blade and
on the stagnation stkeamline shift and finally enables to s~v.luate the shock loss. At
the moment depending on the calculation procedure used the adapted method can be em-
ployed at supersonic Mach numbers above Ma1  1.*01.

SHOCK MODEL FOR SUPERCRITICAL SUBSONIC INFLOW CONDITIONS

Most current methods for shock loss predictions in the supercr~.tical velocity range use
correlations or interpolations. The real local supersonic flow .ýield and the terminating
shock (see Fig. 3a, 3b and 6) are not directly taken into account in most cases, but
rather the shock losses either are evaluated by correcting the profile losses for com-.
pressibility affects or are determined using extrapolation of thosae shock losses, which
are calculated at sonic or low supersonic inflow conditions by the aid of othel methods.
In order to improve-,that unbatisfactory situation two methods have b~eer developed, one
is called the semi-empirical-correlative model and the segond is desianate.4 as the gas-
dynamic model, Here the first Aie will be primarily dealt-with. Afterwards the gasdyna-
taic model will be shortly explained.

Flow Model
_%ne d~erTv-at ion.%of a suitable flo>w model is based on esperimental results from comnpres-
sor- and cascade investigations. Detailed egajnples of which for supiercrttical. inflow
conditions can be found e.g. in the presentation by Schreiber [5),
The flow model.Jl%&it provi4e info~rmations on
-the actual critiepal Mach'number corresponding to the refoianco and off-:design inlet
.f low engle. (sen ~Fig. 5) ;it t"~ shock 1Q6a shall -be determined individtially matching
shy off-design operati-w point.7--

-the local sup~ersonic floe regioni and its variations' with tho.isfle condi 'tiotis, i.e.
the shvift of the. sonic point and-of the tihock impingement poirit 4lon.g the*. suotioo~ fur-
fic*., the, 14 reral e kension -of the ahock 4croes the adae ntbaedanes i h
shape and location-of the sonic llnc.in 3ho' e

Some oftheo,,v 2.eatura4 are illustrated in Pgs.'3, and In Fig. 6,.*.
The flow wi~h~o the locAl sup~er#oic region is qheractoritad by left #Wd-rA.gi~' runSiing
Mach waves, which ir" curvved Ai the lcal' v~locity and ithe spaed of sourti are vArying
-fieo p~int to point. As far as tiit thoc:ks dre vpeek, one can oa.suPLo that the flow field
it, the eiihnonic region is noot t znci*T10 by Vtht OU~trstOnic OnII tience the oupoeronic we-
glen can tie 'nevvto indepcndentl--. if the profile coutour is *envox, At c.g. for a

7 0Qk-b1A4*. the left and right runninq Rach lines Art oupaug~ion and compression waves.
rospec~tivoly. pArs, of the 6Xpention waves ar4 impinging on the tioru. ',te. where they
agre vatlf -had As compression waverc. Somn of them are reaching tho suc, ipn surfaoce there.'
oy 14-duwA.n '.ho expansion, othojr oxpanaion and c ompression waveas Are iitrikinq the down-
otrS*.' -hook. "4;4o6ea of this fluw b,4viourr the aiatunption of a Penfdtl-Xeyer-0Xpah,
glen, i. Q. a1 simpvlv ways i ow, aas ho* b-ceen dobe for th4* superuontic ithock modol, EMt--only.~ care ~rxiatln.Ths rolemisdieeee in more detail e.g. for simtgle aiO-
ftill in (j) end for &aseaJd0eJU fl-o Ill (.

OPrsination ýf tlad ioea~ _t btln
oN Xdý-W th b141 oreu~ d lw''that th

ZV4 othat One tOt inonrZ.Vr6*~bl '$-lOW. H0OVOVr. as8 it, (;9erQ4re the bladC press§Ure
atsributton Us uiknown. the Premeure 0c9Otlint is deC-arfti0d depending Ott the ratio

ot tha, taxi*". local velocity en the blade contour and of the inlet vaelodity, assuninq
th~At tba 0aib"u velocity is equal to the speed of- sound. "teroferot

This holds for the 1nco~s#s*ibioJ reotrane~a i1ii't flow angle B ., is. P~ig. S) an
- - ~ sl-at fdf. tho vjivo" actual inlet flew angle 8 at. off- 14ft~n sft~ h

otatim Velocity V toi knoton. At poe l-tive WincideC0 iftilow condition the incom.-
preesi),J~e 01AMAUML V1CF on the WOO~ suction surtsac Is 4terosinod in the gsae, way
so It, Is at%* for the dirfusioa factors D V) ami 0 L .*. using the uoli known corre-I1ti-0ioo s9#15,0,hli. At nogfiti.v@ Imeidaft;. iRila thii; corrosiationp &If* Val-id only in a
limitod sesb*"au*V them'ý the Vaioeity diettribrtion an the pr~esorn side htas to be ob-
Got-40d # too.
As ~ it.4 rAther dif.ficult to che-ek the validity 6f this proceduve tot .mx.eepl by *stea~

of tuarial blade-to-bl~de flow calculagioos, Schlieren pictures hoav boen uv*4 An ~or-
tectip 1412g tot"r blade seotioe of she DOVV 0)0 traasma 6ie alih e4Vgptmo at"#..
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Onle example is given in Fig. 7 with an inlet i.1ow angle at high positive incidence (see
Fig. 5, too). Taking into account the difficulties of the evaluation oý Schlieren photos
the shock extension and the shock impact point, measured straight from the blade leading
edge, were estimated from the numerous Schlieren pictures for differe-it test conditions.
It was assumed that these values decline to zero as function of inlet ,iach number at
constant inlet flow angle, each, when the critical inflow conditions :ire reached. gefore
the results are discussed, some uncertainties have to be mentioned, whi~h exist for thia
estimation. The intensity, extension and smearing of the shock depends on focussing the
Schlieren optic and is further influenced by the actual 3-dim. flo- -hrough the cascade
wind tunnel (wall boundary layers, shock bending). Additionally the estimation is cer-
tainly subjectively conducted by the interpreter.
Fig. 8 shows the dependency on the inlet Mach number of the distane IezS8 /I between the
blade leading edge and the shock impingement point, which varies nearl$1 linearly with
constant inlet flow angle. Concerning the distance measurements it should be remarked,
that in case of high positive incidence angles problems arise, if' the shock shifts up-
stream to the leading edge region.
Fil. 9 shows the extension A.. /1 of the shock as functions of the inle! Mac!,. number and
the inlet flow angle, which - -fy nearly linearly with flow Mac'. number. O~f the two quan-
tities evaluated from the Schlieren pictures, Z Ss /1 and A HSSI/, the latter is considered
to be more reliable.
Fig. 10 shows an inlet flow angle-Mach number diagram into vhich the results on the
critical infl1ow Mach number have been entered. The tendencit.- of both extrapolations

* egreet quite well considering the data scattering. The limiting critival Mach number line
has a strong gradient as function of inlet flow angle, especially at off-design condi-
tions.

* ~These results are now used to check the values for the cr12ical Mach number which can be
deduced from the above mentioned ;.orrelations for the diffusion fae'tors and which are
illustrated i.. Fig. 10, tot. As can be seen best agree.xient between correlative predic-
tion and measured values-tan be reached for those reln :onn which .-orrespond to the well
know.n equivalent diffusion ~factor 0 . This is additiona lly ascertained by the results
from other cascades, i.e. MCA-profdgs, NACA-65 profiles And controlled diffusion
blades. Judging from these results it seems that the c~ritioal He-ih number limit can be
obtained with sufficient reliability from the oorrelaitive prediction method for D eq-

Location of the Sonic Point on the Blaed Surface
-6 thie lackT of aificieny accurateI~nfor tion6 on the position of the sonic point

recort has been sade to relevant investigations an zingle *Arofoils made by Thompson and
* *lilby (14]. Also using profiles which are compotetl of circular arcs they deduced the

similarity of the velocity digtcibution along th'l Vuction OUrfACe With that one Of a
circul-ar,-pylinder, whereby for the airofai~l tht. ao.aic point can bo located on the load-

* ing e*k-a suction surface circular arc.
For the ceaa without angle of attacx fig. 11, tiian froms [14). illuotrae~as the angular
ehatwe in position of the sonic point, i.e.*, lepand-"nt on. the infloVMach number,
Which is related to the inflow direction iind Itagnation, point, rao".pctivolyý. The dishri-
bution is only opprox~imatively in pailticular tansidarin.' the uudljen transition in curva-
ture from- leading. edge to auction vurfaet.
For the vaový of houti~trv inc.0Aince the 'oc1.ation of the .=c Ii point- is determined firstly,
by the leteation of ths. stagnAtiuli poi.nt ite.fadao l by it c piin eltve to
the 4tagVnatJ!Y point.
In, rpder to circuswent tho dfiftdutý.". in tAetporiniov the vtognat ion pitint. with varyinq
avvgla.of attacU, her@, ri4.qr*: is "&d, thai. at~soni-ý condition the sonic point position
itgolf -is. knowi. oitvi froo1-e ).o poroonkc shock modal for any inlet flow on-
910l, W*bIct'. I at 1potit largaiv than ttvit otso crospiolddin 'to the unique-incidence condi-

- .tion. by Uthet the distributionn in PI-i. 11 kma b.- c~mverted to a ,olativv quantity with
"lrafrn"m tQ.t~ *Onic- cnditltoh. A4 -an okaipla of- the iie-.0e4do section 9910-4 at 45
pogrsnt rotor -blade height tato toot sonic point positions, i.e. local inclinatt mo
4a410e. of bl#,d fdt~oeic a *t cop"Oer mAtcal intiuw soh Ausmer or* shown In the upper

an tsiirea ta~h ilv lVAUA'tlot of the* i40hliarc- rioturav. shown In Pig. t, th*
following relation fec tho ihivk esttsmaion van- be tormqatads

Ailsomnvioned boeI'ro the straight mN.1oek #00%nsioc . I between shock impIngement point
en the auctione st.rftee and the Pssuved sho-.k asnd ivqqnsidets4. "toi sbtV11fioation is
juastifieJ, bemAue- La jilt Wdhlieqta cboesvationa the detached vhee uase only marvinally

It should be &rationed. that; in order to got an *ppt**Iswtiws solution for the whole
range of fiow conditione econered, t1Ke discontinuity, Which to theoertically produced
tion. 1NuS the pe* ii~gvis of the shock esttenson can be t-sakn ftc. the lower
oft* of the su$Wrecoic shoe;; it idol, 'd~pondant on iLedt lOdw &W*#l. each. utib~rsA at-, arit-
Ical )4seh umabors 00e ehceR *.gtemion to Sera.

;R nt the Aback V6010-Mre
aterashviu.ar fi* pdaltiuns to based ad the .upewLimsint* results of Z iA,

*shlown ta rig. *, and again the upsr limit Value Is taken haft the e~sonars1 sBoI med-
Cl * ftot hwi blade q~i**trnLe A*Valusto of 153/1 ort coaeertd to teaquiieleat local
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inclination angles 0 of the blade contour. These are plotted for different inflow an-glee in the lower part of Fig. 12. The values are supplemented by additional data elabo-

rated from blade pressure distributions belonging to tests with side wall suction 113].
In spite of the data scattering a clear tendency can be gathered from Fig. 12 due to the
numerous measuring values. This allows to establish a correlation, whereby two limiting
conditions have to be observed. At the critical Mach number limit the sonic point and
the vanishing shock impact point have to coincide; at sonic condition, i.e. Ma , the
distribution for 0. should pass over to those values calculated by the supers;H!c shock
model, as these car be directly evaluated without being based on experimental results.
For the correlation itself it is more general and appropriate, to define a relative an-
gle 8, relating the change of the shock position with inlet Mach number to the position
of the sonic point. considering the above mentioned conditions and taking into account
the experimental results for $ the relation for the relative difference angle 8 is
composed of a linear interpola on term and a superimposed sinusodial variation. As men-
tioned before the complete derivation and description of the corresponding equations is
documented in [1).
In the lower part of Fig. 12 the described correlation for the shock position angle a
is plotted together with the experimental results on which it was based. It can be selA
that a sufficient fitting is achieved. A similar agreement has been obtained for other
blade sections at 68 an 89 percent blade height of the rotor R030. Thus an approximative
method is now available for the estimation of the change of the shock position.
Before turning now to the determination of the corresponding shock losses the discussion
of Fig. 12 shall be completed. Two limiting values are illustrated in the diagram, i.e.

lal and Ba 8 -. The blade contour angle B characterizes the transition point be-
4 ladin ge and suction surface circ Al'qarc. This angle is of interest here for
estimating in particular, whether the sonic point lies on the leading edge or on the
suction surface. The angle t indicates the shock position farest downstream possi-
ble, if the shock extends ovA 9ore than one blade channel and is assumed being straight,
perpendicular on the blade suction surface and tangential to the leading edge of the
neighbouring blade. For those measuring results, which lie below this limiting line and
which represent flow conditions near subsonic and essentially near supersonic choke
margin, it means, that oblique passage shocks exist for these test conditions. This
could also be seen from the corresponding Schlieren pictures.

Flow Conditions ahead of the Shock end Determination of the shock Louses
After having described how to evaluate the chock A xtension and shock position it is fur-
thermore necessary to specify the flow conditions ahead of the shock for determining the
shock losses. For this purpose the local supersonic flow region is first treated as a
simple wave flow, which can be afterwards corrected by considering the attenuating ef-

facts on the supersonic expansion caused by the reflection of expansion waves on the
sonic line.

Xn Fig. 13 the geo.etical conditions and the corresponding specifications are illus-
trated as they are tobsequently used.
based on the simple wave flow assumption the mass flow rate over the shook is approsima-
tively evaluated by calculating the mass flow over the left running Mach wave, which ema-
nates from point G in Fig. 13 end which strikes the 'end point' of the shock It. Taking
into account the relations of the Prondtl-ftyer-expansion and the correaspnding gowoe-
trical conditions, as shown in Fig, 13, a system o equations can be established, by
which the Maes flow dependent on the Mach number Na0 can be determined iteratively. The
corresponding ,athesatical formulation is deseribed in (1). Concerning the real flow
condition* this method is only reasonable, because the "*a flow rate over the shook can
be estimated with sufficient validity.
As the. inlet mass flow for one blade passago far upstreaa of the ca#cade front is known,
too. the ratio between the mass flow passinq.over the Phock and the latter one can be
calculated.
It the ratio of the mass flows is lower than 1, it can be conolud•d that only a limited
passage shock exists, which according to the shock wodel above is assumed to be straight
an4 pe•pandicular on the suction surface.Tor the Mach number ahead of -the shock an ave-
rags value is assuned, which io detorMined ai the arith•atLo mtean of the MNach wumbers
in point N andr In the osfhk ispingeant point, Iae a and •• , respectively (see rig.
11). The latter can be calculated by the already aenttened corfiaition for the suction
surfaco inelination angle 8, using the simple vave fl•w assumption. Using this averaged
Mach number *head of the allik the total pressuro rotio sad hence the shock loss can be
calculated. secaude, as mentioned before, the mass flow passing over the shock is le#s
than the total stas flow through tah blode possage. * *ass avas•g•ng is applied to the
shofk loss,
ror the iese that the ratios of the *ata flows over the shock and over one blds paasage
fat Upstrea is larger than I. the *hook is ae•aswd to be composod of a normal passage
bhook a&M a detached eblique %hook or a bew wave, resp~etively aso is illustrated In

Fig. 14, As the shock positt and the shock extensoio aft ptescribed by the above men-
tloned correlations, the division end ao seuetly the shock lossest Of* Calculated for
the tvo correapoWd.in parts independntly.n
the 4tvisian ts given by the ist captured Mach wave, running through points 9 And C.
that *ags flow rate which is detsrMIM4 tor D1s b104 passage0 far UOPtream of the cAt-
cad baa to pas over th Oat Ilh lie Xi-C. In order to fulf ill the ah.ve mentioNd mass
flow COnditiot the points It on the auc•i•n sUrface Abd tbh intersection polnt C W.lth the""tock4- imohliko with the stlanation streamline, ha to be eValusted Iteratively depend-
Ing On the Nach •so•bar kWaI The equations set up for this proctdure ar* omitted hers and
can be fOund in Il .
"ah shock 1ees caused by the psasaga s*back Part to dateemimedA4fsst*CV* M0 I*the *Ama way
asdamdribed ebWe

. ., :.> , " .[
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Bow Shock
For the determination of the flow conditions ahead of and over the bow shock part the
already mentioned model of Moeckel (4], which is used in Starken's method (2], too, is
applied in a similar, however simplified way.
Like in these references it is assumed that the bow wave is described by a hyperbola,
whose apex is located in point C (see Pig. 14), and that constant flow conditions exist
ahead of the bow wave, which correspond to those in point C. Then, as is illustrated in
Fig. 14, the axis of the hyperbola has the direction of the flow angle in point C, i.e.
06, and a kink can be observed in point C for the shock. The asymptote of the hyperbola
ii determined by the let captured Mach wave, i.e. Ma
Fig. 14 shows also, that on the left running branch 8f the hyperbola the point S is lo-
cated, which is a projection of the above mentioned point H, which itself is used to de-
termine the straight shock extension A. Considering the above mentioned constant flow
conditions ahead of the bow wave, it iJS hsumed here that in point S the inlet Mach num-
ber Ma is decelerated to sonic condition over the oblique shock. Based on that it is
furthef assumed that the total pressure losses over the bow shock beyond point S are
marginal.
As a simplification to starken's and Moeckel's models 12,4] the shock distance ahead of
the blade leading edge, the distance C-S and the stagnation stroamline shift Ay (see
Fig. 14) are indirectly prescribed by the shock position angle 0 , the shock extension,
as well as by the conditions along the l1t captured Mach wave, wAch has been determined
before independently from the bow shock model.
Based on the afore mentioned assumptions and conditions and taking into account the re-
lations for the oblique shock near sonic conditions the geometric function of the hyper-
bola, the mass flow rate and the flow conditions over the bow shock can be approximately
determined. As with the supersonic shock model it is assumed that the total pressure ra-
tio over the bow shock is represented by that one along a representative mean stream-
line. As is described in [4] this one is determined by the condition y*,=y"s/2 for the
2-dim. case.
If the mass flow rate over the bow shock is larger than the inlet mass flow correspond-
ing to one blade passage, the total pressure ratio calculated before is assumed to be
approximately representative for the whole bow shock. However in case, if the mass flow
rate over the bow shock is less, a mass averaging is applied to the total pressure ra-
tio.
After having determined the individual losses associated with the two parts of the shock
wave, i.e. the passage shock and the bow wave, their addition yields the total pressure
loss of the whole shock front.

Possbilt_ for Takin• into Account the Influence of Real Flow Effects on the Suprsonic
•A~ ieii diocumved above and as is illustrated in Fig. 6 the locol supersonic region

and. 4lso. the flow acceleration along the auction surface is influenced by tha compres-
sion waves coming from the sonic line. by this interfering effect the above described
simplified evaluation becomes more complicated. However, it principle and at least the
attenuating effect on the ouperonic expansion olong the suction surfae. can be taken
into account in the following way.
Based oi blade pressure distributions of .aeaadoe with traneonic inflow conditiotns rott-
nor lit t7) develowed a method in order to estimate the attenuation of the supersonic ex-
panuion, whereby monotonous accelerations up to the terminating shook were considered.
The correlation describes the locAl valuen of actual velocity and the static blade pres-
sure, respectively, along the blade suction sorface. The relative .eometrival differonee
angle, A.e. the angle botwen son.c point ond the actual point conaidered, is r@ltqd to
the corresaronding Paondtl-Mayeorangle, which is determined by the local -flow condition.
Incorporating the assoatate correction function of Vottnor (7) into the present oalcula-
tion procedure lover values for the intewoking flow Mach numbers are caiculttod for all
cases considered, ie. for #4a, 4a , at well q# for ft. Also the position of the thar-
aeteristic pointo 0. 9 and CIP. Af'lectod, whereal the Iock position and the Ohock ox-
trnmtoc remaLn unchanged, The use of this correction results shok lossee uhiah are
cobtiderably lower than with the simple wave assumption.

" WNANIC SUPRACUITICAL SwOc kwul.

Since all correlative pethods suffer frcm a iitjaied range of applicatien and in order to
*heck the ecalculatd different awounts 46etiomed Just before, a second oethod hom been
deve•lope which mkes use of gaady.nmi law# as tar at possible. Thereforo it showi d be
more generally valid. nly th• *ain diftfrece.os compareai to the correlative method de-
Scribed above 4re give-l bildw, for further informatio•s too Wi.
the only prerequisite which is postulatod for the qg4tmnmic owdel is the validity of
the linear dependence of the vass ftlo over Cho shock h t01 itatlt Mach nlumber. Uhich
hod been workld mt in the cortelative imodl.
Coneldotinq conearvation of mass flow the check I. fitted In the flow field, -suh that
the *hock position can be calculated. T.4 turaleatitV 009% its assumed to be always
sttaiglht and perpoendicUllar on the blade suatioft Surface. CohitrAry to the correlative
0.0el soNic condition is cots.idamd in tie end polat, of the shock. Nurtharte for ovsk-
eart*" the flow field ahead of the .shok a- nitia dluttibr tioa of Che lo.w direction be-
.tsem the shock impingoast point ad the shock e*d point is eesumed. In order to C-on-"a"idr the inteference of a% Atlioh and eonletsion wmves the .ach tnimklr distritito•-
it A wIroisatedsby an aiatpn. on curve, Whib it eSiilar to ea n e&) totd.

* The welv caileisteio of tsbh*elt "st be dame ktarttivly en &a it twi1de *lam the Ist-ititiulPtg "f ee. -" . .

S¾-. .
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CALCULATION RESULTS

Fig. 15 illustrates the order of magnitude of shock losses, which can be calculated with
the new correlative model for a cascade section at 45 percent blade height of the tran-
sonic rotor R030. The results are plotted as a function of inlet Mach number Ma and the
inflow angle $,. In order to get a smooth transition to the supersonic shock losses the
supercritical Ahock losses have been calculated in this particular example without con-
sidering the attenoation of the supersonic expansion, i.e. using the simple wave assump-
tion. As consequence, the calculated losses may be somewhat higher than in reality,
however the relative partition of the total shock losses between the individual contri-
butions of the passage shock and the bow wave are retained. The latter two parts of the
shock losses are plotted in the middle and the upper diagram of Fig. 15, the total shock
loss is given in the lowest diagram.
Fig. 15 generally illustrates that the total shock loss as well as the two individual
contributions increase with increasing inflow angle . Furthermore, contrary to methods
in current use, e.g. for the supercritical range the Korrelation of Jansen, Moffat [15]
and for the supersonic range of Miller, Lewis, Hartmann (17], it can be seen that the
losses associated with the bow shock are not marginal. This holds particularly for high-
ly positive inflow angles at high subsonic and supersonic Mach numbers. However, as the
shock extension reduces to less than one blade passage, the shock loss fraction of the
bow wave tends to zero. As this example shows, the Mach number range, over which only a
limited passage shock exists, is rather large.

COMPARISON BETWEEN SHOCK LOSS PREDICTIONS AND EXPERIMENTAL RESULTS

Using again the cascade section at 45 percent blade height of the transonic rotor R030
as an example, the total shock losses which can be calculated with the correlative model
are compared with experimental results. Additionally these results are compared with
loss predictions obtained with methods currently in use for axial compressor performance
prediction 115,16).
The above mentioned cascade was the only one, for which sufficiently accurate experimen-
tal shock loss evaluations were available in the transonic flow regime, i.e, from about
critical inlet Mach number up to the design inlet Mach number of 1.09.
The measured cascade lossea as well as the shock losses of this cascade have )een ob-
tained by Schreiber 112,13), also they are discussed in his pape.r {S] for this meeting,
together with the method of separating the shock losses from the total losses measured.

Fig. 16 illustrates the comparison between calculated and measured shock lospes depen-
dent on the upstream Mach number Ha for three inflow angles 8 -57,60 and 63 , which
nearly range form unique incidenceolo positive blade stall (capKr;a again Fig. 5). The
oxporimenta 1 results achieved with side wall suction (131 and those without side wall
suction (12] are characterized by the full and the open symbols, respectively. The cal-
culated results with the new correlative shock modal for supeorritical inflow condition
and those for the adapted supersonic model are indicated by the thin and thick drawn
lines respectively.
As can be aeon from Fig. 16 the agreement between the shock losses evaluated -with the
correlative suporcritical model and with the supersooic model- and those experimentally
aNnalysed ti quite otis fying. At can be further o served in Fig. 16 -in the lower diagram-
at high positive inflow direction, 1.e. for 8 63 , the shock looses evaluated from the
measurements lie above the distribution of thi calculated ones. That holds true for the
*upercritival as yell as tor the sutersonic range. A probable taume for this observation
is that in this case noticaable loste* occur, which art induced by boundAry layer sapa-
ration, such tist it A* made difficult to separate the shock losses by the experioontal
eval••tlom method used 113).
The dashed tint In Fig. 14 indicates the *hock losees which are calculgtod uoing the
correlation of J4nsen, 14efiat (iS). Ofe can see that tao all three inlet flow angles
this correlation undorproedicts the #hock lost**, This holds also in he. range of super-
sonic inlet Mach nuabers for the method of Hiller. Le•is. blarttaun 117|, the results of
which are itdicatod by the connected triangular esybols. The latter iethod is Also ofttn
used in Vompsossor pteformance predictions, @.u. tie). Particularly tot high inlet flow
angles )460 this anderatiosation becomes sinificant,
A .ieilatly satisfying, or even better agreament as mentitnwd above between calculated
and experisontally analysed shock losies is obtained with the stdynaoti supor-crititeal
method. Discussing thete results in detail would go beyoAd te scope of this paper, how-
aver the cowoparivaa it documeted ta WII.

A nw shtock loSs model uae prevented, which has been developeA for the lprpose of off-
design porrormahe* prediction at transonic axial flow omptsoeas.rs. "his-method ambles
to ca1ulstv the lossee sadsoited with shock waves ts w*Il es to dotermine qunitsttive-
ly 0h0 shock position at flow conditiios to bloed eluuments ranging ftoo untquo-incidaenit
up to stall laflow direction with subtonic axial arA relative supersoafc or particuisly
supotrirtitcel volocit.16s. In this contoxt tapitical, orreelatialdl tot ptsadiltiOn 40f ref.
o rfaes and off-desiga 4:ritical inflow tlach aumbsta haw* beots pwoved by camparisonf Vith
C090144d resuslts. IIn A first step at flew ecd~itiofts 10ith reltiice suporsontc velocities
a 0ethod, which allows to #valuae% thodk love"s for uniqua-LAcidaaca corndite and for

.-. detached shock waves, has been 6dapted to off-design pverfVOkft9 calculations in 0oft-
"pmrctos. Tie .hocks are eesq~od of a aorl .passage shok and a bow *hock. asaad an
results of this afthod at toale. inflow 0oudItalos and stkakting treas ixpIedmntal results
In cascades .a correlative todel has b~se devloped which can predict the shock losses In
t ala. AucsAwca~e raNge betweena rkieIa AM. somia com&4ima depsading on inflow duwQ-
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tion. It takes into account the variation of the sonic point on the blade surface, the
shock positioi and shock extension. The method has been proved by cascade results and
has been incorporated into a loss prediction procedure of off-design calculation methods.
Furthermore tthe new correlative shock model has been supplemcnted by a second model,
which is based on gasdvnamic considerations and which can be used more generally.
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Fig. 8: Straight measured distance ZSA
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Fig. 1ll Shifting of sonic poii.L for a single airofoil
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DISCUSSION

N mP.Rmette, Fr
For your flow model, shown in Figum 4 of your paper, one can see a shift of shock waves and stagnadon streamline
depending on whether the downstream Pressure P2 is optimum or larger than optimum, for off design condition. There
is a shift for the stagnation streamline, but not for the stagnation point. How do you explain that the stagnation point is
not shifted, and what are your assumptions for this stagnation point?

Autbor's Reply
Figure 4 is a sketch illustrating the main features of the supersonic shock model. Looking closer to it, a marginal shift of
stagnation point is indicated. However the stagnation point is not considered in the method, but only the intersection of
the Ist captured Mach wave and-of the shock, suchlike of the stagnation streamline, is considered, i.e. points C and Cwi
Figure 4. Point C divides the shock into a passage shock fraction and.a bow wave fraction. Point C is determined taking
into account the conditions for the 1 st captured Mach wave and the distance of the bow wave ahead of the blade leading
edge, as indicated in the upper part of Figure 4, as well as the stagnation streamline shift, if the back pressure is larger
than optimal. For determining the distance of the shock, i.e. of the bow wave, ahead of the blade an adaptation of
Moeckel's method (4) is used. Moeckel's model has been develo,eod for single symmetrical bodies.

P.Raiette, Fr
But your profiles are asymmetrical.

Autior's Reply
Beyond point C only the lft running branch of the bow wave is considered taking into act-ount the blade leading edge
and the suctien surface circular arcs, only, and treating that as a symmetrical aerofoil. As has been shown by Starken
(2). Mocke's bow shock model has proved an acceptable approximation for the cascade case.
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. COMPARISON BETWEEN INVERSE DESIGNED (PVD) AIRFOILS AND STANDARD SERIES

AIRFOILS FOR HIGH LOADED AXIAL TURBINE NOZZLE APPLICATION

by
I.t) M. Horsmann and M. Schmidt

KHD-Luftfahrttechnik GmbHl
Hohemarkatr. 60-70

D-6370 Oberursel 1, Germany

~ uide vane profiles with transonic flow regions in the flow field have been developed for
a high loaded one stage axial turbine. The profiles wore designed in two different wy

Sfirst, using standard design techniques and second, uo.ng an inverse design method, where
the profile shape is computed from prescribed velocity distributions (PVD).

The results of both design methods will be presented. Comparison is made by using another
computer program system to calculate the velocity distributions in the flow field, the
boundary layer parameters, and the profile losses.

The computed results of our first application of an inverse design method on axial turbine
guide vanes show that improvements can be made.

Nomenclature

a* critical sonic velocity A flow angle

c absolute velocity *t stagger angle

c* Laval number cla* a1 displacement thickness

L chord length w loss coefficient

L axial width of cascade Subscripts

p static pressure

R radial coordinate LE leading edge

a arc length alonS streamlines PS pressure side

t cascade gap, pitch SS auction side

U circumferential direction TE trailing edge

X.Y blade coordinate system t total

-axial direction 1,2 upstream and dowastreaa station

* I. ltroducttn

For reasons of -woer concentration the **ss flow through modern turbomechines is incraseed.
This leads to high through-flov velocities with the occurence of local supersonic regions,
Whe retutoin$ fre svpereonic to subsonic velocitieo, shocks vill e present whith may
cauts teearetion of the boundary layer and therefore high losse*. Vith a caroeul blade
profiloedesign It I possitble to avoid or at least redue the inteattty of the shocks end
thertfor, lo•er losse. will result,

itch the conventional design of turbine cascades the profile shopes are computed by ineano
of a profAle eyate•seic. A desired Iosal influene* on the blode shape to avoid shotks is
not possible directly, but has to be checked in an iterative process with 4 blade-to-btade
calculation. As there are severa.l pVrameter: itt the profile sys;eaatic to Influence the
blade ship# this can be quite an eopenditure of work. Using the Inveree desitn method by
Schmidt (it the profile shape is computed ftot prescribed velocity distribution around
the.unktnown profile, the velocity distribution Las to be Alt••ed unctl an appropriate
blade shape ti received.

In the paper prseeentes am# results of the design of guide vaew profiles using thae two
methods are cospared an discussed.

SAero.Utsl .deeitn

• ,,•efIntbon of• cascade get"try

The upstream and dowsetr•am flow conditions and vector ditarasm for the guide vane pyo-
filet to be designed. result feeo the given ates-fiow, speed and possible geometric con-
straint•. Flow angles o. and ft and upstreas Laval noubeor t* (see Fig.l) Ser considered
constant along the blade beight' Aseuming a constant pressure and teeperature diettributio
an almost llator velocity diasribotion ce* Vill reoult. i.e. transoMc velocity at the
hub sad a high Subsoaic velocity t, th shroud.
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*2.2 tMeridional plane

To achieve the necessary circumferential velocity com-
ponent at the required downstream vector diagram,a

ting in a rapid axial acceleration. For simple boun-
dary conditiona a linear shroud contour between lea-
ding and trailing edge of the' blade is assumed. W~hen'-
referenced to hub, mid-span or-shroud cross-sections t +74,
in Figure 2, we should understand developed cylindri- Eli,
cal cross-sections at these positions.

3. Comparison of conventional and inverse design

3.1 Conventionally designed profile cross-sections

When conventionally-designed the profile crols-sec-
tions are calculated froa fe c9aatratcpo
file data such as camber, maximum thicktness, posi- Los-
tion of maximum camber and thickness, etc.
An analytical su~perposi tion of computed cairberline
and thickneas-distr ibutton leads to the profile
shape. In the program then the geometric throat con-
ditions, 5paeing and angle, are estimared for sevoý
ral sta ger 4lenia Variing the throat conditions C
for each stagger 1n41e. the downstream conditions,
angle, velocity and ;prassure lads can be calculated
(Refs. 0.101) . If the desired downstreata vector
is prescribed the staginesaycnbent- Fig, I: Guide vane cascade geometry
-polated. Fi.gtire 3 shows the. resulting profile
c-ross-sectiona Qf hub, mid-sapn Aa.d shroud. Either

J ~by *an expensive experiment or using a blade-to-blade
caleulat inn the velocity distribution and bound ary
layer development can be checked,. It the results are
not sat isfactory the design procedure might have
"to be repeated.

3.2 Profile des;&n with an inverse- design method -,mid - spn

The nabov meniitoned iterative and time coonsuming
method for high loaded cascadev may be rpla4CO4byhh
an inverse profile design aethtod. Using Xh1# me thod '---'

not only upstream And downatrves "onditions but olso blolergon
the velocit.y distfibotion. al '01, suction And pyessurv
Pide are to be prescribed. Do 1n8 this that profil~e
ahakpe vill be delculored. uhich ehoulta *haw the. Mt ItHrdoa plane
given veloicity distributions.

..iPre$CriLHed velocity diatributicon

Solving the inverse Problee a CO&Puter Progroa
warn used that hod been dovitloped I~n a N pon-sru
Noted r'oseirch ProgrAm 113. The Calculationou U

*Algorithmw needs the pteacriptiun of the taval-
"nu~bor distributionl Along thornstnation otireae- isa
lines.~m *outton- and pseosure- idea of thehb
still unk~aw flow channel betveen tvo blades. ub
":h Fiture 4b shows such a pretcribvd velocity

*distribution for the ýOid-§spn p~rof ile. Iteire Ia 30# rvsidust circulatian davastresa of the blade
Corestxintiing. to a part of totwnecesfary turning.

* ht~heshpes for the prescriptionis of tho-volocity 20.di dl ibutions ilang hub sAM shto~ud took similar
aud are shown In fit, 4,c and iVig. 4o reipctivoly.
'MTe &tketO Volocitiy at ch* hub oxcoods ionic
speed At abouit aid-chard. and downatroAM Veolocty
to I supersonic as vaoxed fr*" the tIerodynsoic d*- 10oin At Aidepan And shrould the whole Auction

* velocity to aubsonIc. At the Vroot stagnat ion
toits the presrihed velovcitios tatnot be to-

duced to toro since the nuoerIcal sothod does
00o. perait this singulAr pe-int. At the rear

sanotion polatst Ow problem doe* not.- appea-r.
5if'lev they uia set osatist. p siesly owina to theZtsj i -10 0

*fit. It SSASaiad ds, e roie
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'(.-LE '•_-LE T
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Fig. 4ai Shroud velocity prescription Fig. 4b: Hid-span velocity prescription

3.2.2 Results of inverse design

The computer program ISGAV [4] solves the CO TE SS
potential equation for the given problem C
and calculates the socalled potential-pro-
file. Deviations from a 2-D flow (see Fig.2
no parallel end walls) will be taken intoaccount by an axial velocity-density ratio.
The potential-profiles for the three cross-
sections are presented in Figs. 5a - 5c. s

The contour shapes will result by shifting
the calculated channel walls by one pitch.
The plotted symbols mark the positions of
the leading and trailing edge of the blade, "LE
resulting from the prespription. The coin- 0-- -
cidence of the superponed stagnation 0 1 2 s
streamlines is a measure for matching of
the periodic conditions.

Fig. 4c Htub velocity prescription

3.2.) Staggered meta.l profiles

As mentioned before the shown contour shapvs are results of o potenti4l floe calculation.
For receiving the real matal profile# the boundary layer dioplacoment-thickneso has to be
substrected. The computer program for the design of the inverse profile 141 to therefore
linked to a boundary layer calculation progra* by HWfally W5) . This int•gral method
solves the boundary layer equation a the rocputed diuplacement-thickness it substrac-
ted aftar a N ofthing proedro from the potent= a profile. The smoothing pro edure ts
necessary e•tpcially in tho regiou near th transition point lazinar-tur6ulent.

20 20

0 O0

-2

.601 . 60

20~~' LO 60 ZOto 40 60 Z
Vf*. 5ps Calculated cotaurs Colculatsd contours Pim. $# CaIculated contours

- t shrou4 aettiu at nid-spA, *etion auth ub icn0a

k t
• . •.-. • .... . .•
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After smoothing the resulting contour, which is
sometimes necessary near the stagnation point shroud
and adjusting a trailing edge rounding to themdscnmm
profile the cross-sections shown in Fig. 6 isa[M)
were obtained. The hub, mid-span and ahroud

p rofiles were computed using the inverse de- hub
sign method, the others were obtained by an 30

* interpolation procedure.

3.3 Analytical calculations 2
For an analytical calculation of the cascade
flow a FFEM-program system (61 is at our dis-
posal. This computer program has also been de-
veloped in the mentioned FVV sponsored research
program. With the program system called iNEUTRAK 1
the two-dimensional, inviscid, irrotational
steady state flow in axtial cascades is compu-
ted. Local supersonic regions are allowed, but
upstre,ým and downstream conditions have to be 0
subsonic. Due to the last restriction it is
not possible to calculate the flow at the hub
cross-section, as downstream conditions are Z LMmj -20 -10 0
not subsonic. The comparison of the two bla-
dings will he made only for the mid-span pro- Fg6 nes eindpoie
filec, as the expenditure of computing time Fg6 nes eindpoie
for all cross-sections would be rather high.

With the data of the metal prfle as input to the NFEtTRAK- program the potential flow
around the profile is caleu ated. Using the resulting valoc ity distribution in a boundary
layer calculation procedure ',in the linked program GRENZ) the displacement-thick.-mases at
auction and pregsure side can be estimated and superponed to th4 profile. A new potvntial
flow calculation~ with the data of the thus thie1kene-d profile leads to the .Lnvisc id webo-
clkty distribution around the given profile. By means of boundary-layer paraxeters as welY
Usa interpolated trailing edpe velocity and flow angles, viscous downctream conditions ar4-
calculated in the program NACIII.. about two pitches behind the trailin# edge. A~ddtionally
a lost coefficient io calculated defined for turbine flows at folloat~

.31Calculated velocity distributions-t

Fif. I *hQVV the ValCUlated vel*Qity (1,ava)-
nuaber) *itribtittoai~ for su~tion mind pres-4 s~~~Ure side of the tnialbaeprofilik
doolgn. The Atognation Point dovtk not Ooinf-
cido with the grid point Xtt. = 0 but Is PS
locateod at about 5% ont the2 presooria vido
diotaauv. The lntorvectlfn* of the velocities

: t tho profile iend indicate. thot tht flov
nsiig riquired and used for tho calculatioo
isnot realt14-d eaxatly.

In ri.Bthe torro.otiiding volocity dit-

of ti e pieacriled veloigimy d10ribuion (at the"boioIbao eil
are -Shown. A, fairly good a I tee Otett ulatV004%
prao;ribed aftd -ealculame4f vOcity diatty-
bumlon wimth a "*t. differat'a4 of C~an bo
smtatd.

a~~irs 1sty-yr -00, 1 ~'c.

Ths clcolaed bnit.ts y ar displteotent
Oltkiiacluisu of both tho convventional Aad
the inverse tratilt dievgon are shuwn In
fit. V $4d V4g. 10, ropeelvoly. In tho
are. of transimioa poIft ~inur-tvurbulont

tedeviolo,,owt of the dioplawsomnt, thick- P
messJ IS sm44mh"4 by a fOUr point SplitW
.1pgorimho to rovoive a Steacy colteur
#hope %WOe suporponinf~the mica~
thicknoto to- tht *at# contoor.

Turbula~nt bowwsory layte teparatiou dmes
'bot acc~t 001 both Prohlie at tho. Calcula- e)Lvl

ted eelta ala. tothr cntiuraloall~ to ta tbe lavees blado doaigs
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Fig. 9: Displacement thicknesses Fig. 10: Displacement thicknesses
conventional blade design inverse blade design

or at off-design where separation may occur, the development of the boundary layer down-
stream of the separation point is calculated by using a half-empirical separation model
by Fottnor (71 and Grahl Cal . From the downstream calculations with the program NACIILA
the following values for the loss coefficient result (Fig.ll).
For the inverse designed profile the calcula-
ted loss coefficient ac the design point is
about 261 lower than for the conventional .is
profile design.

4. Results and conclusiona

Comparing the calculated velocity distribu-
tions it is obvious that the conventional
design has 4 higher loading thAn the inverse
profile eaer the leading edge. The higher l*#
loading causes higher loose# at off-design
with positive incidence as can be seen In so
FiR.11. in the case of noeg4tive incidence
the loos behaviour of the eon-rentcinal pro-
file is slightly better than tht of the in-
verse one. but 4n a higher level. Altogether Fia. At Caculated loss coefficients
it seems that the gain in loss behavIour
of the lnverse designed profile has to be patd by a somewhat smaller working range, com-
pared to that of the conventional designed~ one.

It has to be Untnioned that cthe lose coeffleclont caiculaclifon have been done at the plane,
two oxsal chtord leorghts daowntre~am of the trailing edge of the eac~ode (see Fig. 1).
rXperimental values arten a•r l1or .beause they are estimated Just bhinod the trailing
edqe where the flow Is not yet mised out.

The dovo•treAn calcul•tion Poslon is very Inportaot for the flow angile calculation too.
Far behild (uvo axial ehore lenghths) the trailing edge. In the Case o thC Invetre profile
one computes for the downstroeamflw al * 1,60 Vhereas for the Phnvetia profile
Otte- ge*ts S. 1 6.0. Thoecalculations In tho trail ins s-dg;e P1441t h*Owver, yield for 11he
iinvetrse profile, Or A 26.8") and for the cotiventional profille r .1.0.Tisrr.
sing reault can te explained by the fact that the dtifference I It fit trailing edgeo ye oti-
tieps betweein auctionf and pressure side It positive in the cast of the inverse design MPi.6)
Uon it is negaotive in the conentona cae -i . In tho. first case this leAd* to an
additional poitlve turning io the downttrnea 4xin regi.on sId In the s•eond coas tO a
negatv�e�turnintg respetiel.

Sthwrlstig It can be stared ohat improvoewets can he va-e by oeans of the inverse profile
design but the "thod it rat1hr time cosunav., at the present. Thus an inverse design i
only Jus11tifild eceptionally causing therefore the lack of exporiente using this method.
Poentital for optimsting the Invor•e design procedure Is axpected. flotIfyieig the convmn-
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